Chromosomal Evolution of Delena cancerides by Sharp, Hayley Evette
1Chromosomal evolution of Delena cancerides
Hayley Sharp
February 2009
A thesis submitted for the degree of Doctor of Philosophy 
of the Australian National University
2 Although the bulk of this thesis has been researched and written independently, 
several other people have made substantial contributions:
Chapters 1 & 2. Dr David Rowell (supervisor) co-authored Chapter 1, contributing 
mostly background information regarding chromosomal speciation.
Chapter 3. Dr Scott Keogh (advisor) ran the Bayesian phylogenetic analysis.
Chapter 4. Dr Terry Neeman (ANU Statistical Consulting Unit) advised on the analysis 
methods for the fertility data, and thought of the solution shown in Figure 7 B.
Chapter 5. Dr Mike Double (advisor) wrote the Excel macro referred to as the fusion 
model in (Appendix 1). Dr Neeman developed the mathematical framework with 
which to independently verify the fusion model, and the R program for calculating the 
probability of shared fusions (Appendix 2). The author’s contribution to these aspects of 
the thesis was advising on the design of the tools, and interpreting the results.
Chapter 6. Dr Neil Murray contributed extensively to the Speculation section of this 
chapter, providing many helpful discussions and suggesting that position effects and 
dosage compensation could be relevant.
 Aaron Henderson provided invaluable IT assistance, and constructed several of 
the fi gures (Chapter 2 fi gures 2 & 4; Chapter 3 Figure 2; Chapter 4 Figures 3, 6 B & 7 
B; Chapter 5 Figure 1).
  
 With the exception of the above contributions, this thesis is entirely my own 
work.
Signed:
3This thesis is dedicated to the memory of my grandfather Ernest Cormick who taught 
me to love nature and respect science. He showed me how to use a microscope shortly 
before his death on the 5th of February, 1987.
Many spiders were harmed in the production of this thesis. May their lives not have 
been taken in vain.
Acknowledgements
Academic
 First and foremost, enormous thanks must go to Neil Murray of the late La Trobe 
University genetics department for endless support and encouragement, and believing in 
me more than I do. No student could hope for a better mentor and friend.
 Thanks to Scott Keogh for always being willing to talk things over, being 
a much needed diplomat in a diffi cult situation, and for saving me from Maximum 
Likelihood bootstrapping hell.
 Thanks to Mike Double for creating an amazing model that took on a life of its 
own, and then saving that life (and a whole chapter) by administering fi rst aid at the 
11th hour.
 Thanks to Dave Rowell for teaching me cytology and old-school chromosomal 
speciation theory. You’ve shown me the dangers of quick’n’dirty research and made me 
a pedant, but you’ve also made me an independent researcher and for that I’m grateful.
 Thanks to Terry Neeman, for showing me how elegant mathematics can be, 
helping me extract information from chaos, and telling me your PhD nightmare story. 
You taught me more about stats than fi rst year, and improved this thesis enormously.
 Thanks to Gail Craswell of the ANU ASLC for patiently weeding my errant 
commas and giving me enough confi dence in my writing to submit.
 Thanks to Linda Rayor and Eric Yip of Cornell University, for sharing my 
fascination with this bizarre spider, and talking me into speaking to the media.
 Thanks to David Hirst of the South Australian Museum for outgroup specimens 
4and morphological analysis.
 Thanks to Poseidon Pty. Ltd. for donating the Black Swan dip tubs used for 
spider accommodation.
 Thanks to the following people for providing invaluable feedback regarding the 
interpretation of these results: Neil Murray, David Rowell, Scott Keogh, Mike Double, 
Terry Neeman, Linda Rayor, Eric Yip, Rod Peakall, John Trueman, Stuart Baird, Leo 
Joseph, Kevin Omland, and Michael Jennions.
 Thanks to Narelle Sharp, Simon Gilmore, Warwick Smith and Warren Gardener 
for help with fi eld collections. Just remember, they may look like big hairy scary 
spiders, but they’re really very sweet...honestly!
Personal
 I knew a PhD wasn’t going to be easy, but I never guessed how hard it would 
be, how long it would take, or how utterly driven and self obsessed it would make me. 
I want to apologise to all the friends and family I haven’t been there for, all the people 
I’ve lost contact with, and anyone miffed by my complete lack of small talk for the last 
year or so.
 Enormous thanks must go to Az for endless hot meals, IT support, horrendo-
gram construction and infi nite patience.
 Thanks to my family for support and encouragement, and especially Narelle for 
holding on for me. Yes Mum, I’ve fi nally fi nished!
 Thanks to the Red Hill La Rueda circle, Canberra Dance Theatre and the trash-
bags of Canberra for many late nights on various dance fl oors, and reminding me that 
there is life outside of spider testes.
 Thanks also to Bruce Taplin, Belinda Ahern, Adam Bode, Gena Clarke, Simon 
Gilmore, Kym Bergman, Dan Edwards, Damon Rao, Scot Kelchener, Helen Cryer, Jo 
Besana, Rebecca Stavrous, Lindy Orthia, Seema & Raj, and John & Sue Copland.
5Abstract
 Chromosomal evolution has long been linked with the process of organismal 
speciation, and many different theories have been suggested over the years to explain 
why this would be so. These theories can be loosely grouped into two eras. Classical 
chromosomal speciation models focused on negative heterosis of chromosomal 
rearrangements causing malsegregation and germ cell death in hybrids. More recent 
models examine the effects of reduced recombination around rearrangements and the 
impact this can have on sequence evolution, specifi cally the accumulation of genetic 
incompatibilities. The huntsman spider Delena cancerides is known to be highly 
chromosomally variable, and to have reduced recombination near fusions. However, 
this species has previously only been interpreted with reference to the classical models 
of chromosomal speciation, the expectations of which it does not fi t well. Broad-scale 
sampling of this spider has revealed extensive chromosomal diversity and complexity. 
Twenty one chromosomally differentiated populations (karyomorphs) of this spider 
have now been described, including those with the putatively ancestral confi guration of 
all telocentric bivalents at meiosis (tII), and many that are saturated for Robertsonian 
fusions. These include up to six different karyomorphs with metacentric bivalents 
(mII), eight karyomorphs that form a chain of chromosomes at male meiosis, and six 
karyomorphs that form two separate but co-segregating chains. A computer simulation 
was used to test hypotheses regarding the evolution of this chromosomal diversity, 
which indicated that fusions are likely to have accumulated gradually, possibly due 
to meiotic drive. Historical phylogeographic analyses have shown that deep cryptic 
divisions exist which are concordant with the chromosomal diversity. Hybridization 
experiments have suggested that many hybrid zones between karyomorphs of this 
species are tension zones, and that genetic incompatibilities are likely to play an 
important role in generating partial reproductive isolation of karyomorphs. Furthermore, 
several hybrid zones appear to have been modifi ed by staggered clines. The staggering 
of clines is thought to ameliorate reproductive isolation mechanisms that are dependent 
on epistatic fi tness interactions, and so may prevent diverging populations progressing 
towards speciation. Therefore, on the basis of the available evidence, D. cancerides may 
fi t the recombination suppression model of chromosomal speciation, although it may 
be unlikely that the karyomorphs will progress towards full species status. Hence, this 
species may in the future make a highly informative model organism for investigating 
the early stages of genetic reproductive isolation associated with chromosomal 
rearrangements.
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9Preface
Style and language
 The data chapters in this thesis are presented in the style of published or 
publishable papers. I have chosen to not write a formal introductory chapter as 
background material is included in the introduction of each individual chapter, and 
Chapter 1 is written for a broad audience so as to provide a generalised background for 
the remaining chapters. It is acknowledged that Chapter 4 is too large to be published as 
a single paper, but to split this material into smaller units would have required a great 
deal of repetition which seemed inappropriate for the purposes of thesis examination.
 The terminology of cytology and speciation theory has evolved considerably 
over the years. Below is a brief explanation of the language I have chosen to use.
Telocentric. Following Rowell (1985; 1987b; 1990; 1991a; 1991b), the single armed 
chromosomes of this species are referred to as telocentric chromosomes, although 
others have argued that the term ‘acrocentric’ should be used. While the possibility of 
short second chromosome arms has never been specifi cally investigated, in Giemsa 
stained meiotic spreads centromeres and telomeres do appear to be coincident terminal 
structures.
Karyomorph. This term has been used throughout to describe a population which 
appears to be fi xed for a specifi c meiotic chromosomal confi guration. This word was 
chosen in order to avoid the term ‘race,’ as it is uncertain how the polytypism in this 
species equates to the defi nition of chromosomal races used for other systems. Although 
not defi nitively defi ned, the term karyomorph has been used in this context by others 
in the fi eld (Reig et al. 1980; Zambelli & Vidal-Rioja 1995; Rogatcheva et al. 2000; 
Catanesi et al. 2002; Ene 2003; Machado et al. 2005).
Karyotype. This term is used to describe a specifi c meiotic confi guration (Reig et al. 
1980; Rogatcheva et al. 2000; Catanesi et al. 2002; Ene 2003; Machado et al. 2005). 
Thus, each karyomorph is a population of spiders that share a particular karyotype. 
However, several karyotypes have been observed in hybrid individuals that do not 
defi ne a karyomorph.
Fusion sets. When fi xed fusion heterozygotes undergo meiotic segregation, two sets of 
fusions are produced; the odd numbered chromosomes in the chain which include one 
to three X chromosomes, and the even numbered chromosomes which must always 
segregate away from the X chromosomes. Because autosomes involved in chains 
are obliged to segregate either with or away from the X’s in this way, they are neo-X 
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and neo-Y chromosomes. Furthermore, members of each group cannot segregate 
independently, and so are linked into what have been dubbed an X- or Y-linked fusion 
set.
Collection site descriptors. Each fi eld site at which spiders were collected was given a 
number, and the initial/s of the closest town or landmark to that site is used as a prefi x 
to the site number. For example, the 39th collection site was close to the town of Bright, 
and so is referred to as B(39).
 At collection sites, each tree in which spiders were found was numbered, each 
colony or retreat site in which spiders were found on that tree was numbered, and each 
individual spider taken was also numbered. Thus, spider B(39)8.2.1 is the fi rst spider 
caught from the second retreat on tree eight at site B(39). Where no more than one 
colony or retreat was found on any given tree, the retreat site number was excluded. 
Thus, B(39)3.5 is the fi fth spider taken from the third tree at site B(39).
Content
 The huntsman spider Delena cancerides (araneae: Sparassidae, Walckenaer) 
encompasses a number of chromosomally distinct parapatric populations 
(karyomorphs), including forms with entirely telocentric chromosomes, and others 
saturated for centric fusions resulting in metacentric chromosomes. Three karyomorphs 
are known in which fusions are sex-linked, meaning that males are fi xed heterozygotes 
carrying a sex-linked chain of chromosomes of various length, while females carry 
normal bivalents at meiosis. Chromosomal variation of this sort is rarely tolerated in 
other species, because the segregation of long chromosome multiples frequently results 
in gametes with too many or too few chromosomes. The resulting reproductive failure 
may form the basis for reproductive isolation in many species (King 1993), and so 
the mechanisms that allow D. cancerides to segregate long chromosome chains may 
have allowed this species to maintain species cohesion despite extensive chromosomal 
variation over its range (Rowell 1985, 1986, 1987b, 1987a, 1990, 1991a, 1991b; Rowell 
& Avilés 1995).
 During a broad scale survey of this polytypism, eleven new chain carrying 
forms of this species have been identifi ed. Six of these karyomorphs carry two 
chains at meiosis, and so show segregation behaviour which is beyond our current 
understanding of meiotic processes (Sharp & Rowell 2007). In addition, a fi fth 
category of chromosomal confi guration was observed, where individuals were found 
to carry rings of various even numbers of autosomes at meiosis. Unlike the chains 
seen in other populations, these rings are not sex linked and so are observed as fl oating 
polymorphism, probably occurring in females as well as males. This polymorphism is 
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hypothesized to  result from hybridization between differentiated metacentric bivalent 
forming (mII) karyomorphs homozygous for different fusion combinations.
 Sequencing of the mitochondrial gene COI from 80 individuals including 
some from each known karyomorph has revealed ancient divisions within this species. 
Average corrected pairwise sequence divergence of 11.8% was found among four 
clades, which is interpreted as resulting from vicariance events, possibly caused by 
climate change at the end of the Miocene. Abrupt phylogeographic discontinuities in 
mtDNA and chromosomes exist between clades, with very little mixing of lineages. 
Therefore, chromosomal diversifi cation appears to have begun after vicariance, but 
before secondary contact because, although COI clade distributions encompass several 
karyomorphs each, clade contact zones are highly concordant with karyomorph contact 
zones. These breaks occur at karyomorph contact zones across which X chromosome 
fusions differ, suggesting that such differences are related to reduced female-mediated 
gene fl ow across contact zones. This widespread species is morphologically and 
behaviourally invariable, and shows only minor allelic variation between karyomorphs 
(Rowell 1990), suggesting that male mediated nuclear gene fl ow across contact zones 
is relatively unrestricted. Therefore, a signal of ancient divisions within this species 
has been preserved in the mtDNA of females, whereas males have maintained species 
continuity by ensuring nuclear gene fl ow among lineages. These results suggest that 
despite deep divergences within this species, evolution has been phyletic rather than 
cladistic. Ancient mtDNA lineages have remained connected by tension zones that act 
as semi-permeable barriers to gene fl ow for neutral or positively selected nuclear alleles 
via male mediated gene fl ow.
 Hybridization experiments among the karyomorphs have revealed unusual 
hybrid zone structures and cryptic diversity. The mII karyomorph was found to be 
comprised of up to six distinct karyomorphs, each being homozygous for different 
Robertsonian fusions. A hybrid zone between these new mII karyomorphs appears to 
have a very unusual structure, as the most common mII type is found at the centre of 
the three-way hybrid zone. Several hybrid zones between chain carrying karyomorphs 
are also unusual, as they appear to have non-coincident clines for sex-specifi c sets 
of fusions. This is due to the presence of a recombinant population in between the 
staggered clines (Searle 1993). Cline separation may be due to stochastic processes 
because the distribution of this species is highly patchy; however, several lines of 
evidence suggest that these clines have separated due to selection against hybrid females 
and one of the reciprocal hybrid male types. Analysis of the fertility data has revealed 
that genetic reproductive isolation mechanisms are an important feature of hybrid zones 
between karyomorphs of this species, although recombination pattern differences and 
malsegregation are also likely to be important. 
 In order to test hypotheses about the evolution of the chromosomal diversity 
and complexity observed in D. cancerides, a model was designed to simulate fusion 
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saturation and fi xed sex-linked fusion heterozygosity. The range of chromosomal forms 
now known from the fi eld, and those produced in hybridization experiments, were 
compared with the expectations generated by computer modelling. This has shown that 
the currently accepted catastrophic pan-fusion (CPF) hypothesis (Rowell 1987b) does 
not explain the observations well. Instead, fusions have probably accumulated gradually, 
meaning that chains have built up by the successive inclusion of new fusions. Fusion 
saturation appears to have occurred independently in each of the groups of karyomorphs 
known to make up mtDNA clades. Introgression of fusions, WART mutations and 
reticulation of lineages through zonal raciation are all likely to have contributed to the 
observed diversity. Meiotic drive is likely to have been involved in the fusion saturation 
observed in this species, as well as in spiders more generally.
 These fi ndings suggest that D. cancerides may not only be the most 
chromosomally diverse and complex species known, but also potentially a highly 
informative model organism for resolving the long standing debate regarding the role of 
chromosomal change in the speciation process (Coyne & Orr 2004).
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Unprecedented chromosomal diversity and behaviour modify
linkage patterns and speciation potential: structural
heterozygosity in an Australian spider
H. E. SHARP & D. M. ROWELL
School of Botany and Zoology, Australian National University, ACT, Australia
Introduction
During meiotic cell division in typical, diploid organisms,
homologous chromosomes generally pair and crossover
to form bivalents, line up on the metaphase plate, and
segregate by moving to opposite poles of the dividing cell.
If this proceeds smoothly, the gametes produced are
balanced and viable because they all carry one copy of
each chromosome. It is this process that leads to normal
patterns of Mendelian inheritance. Population genetic
studies that make use of Hardy–Weinberg conformity
tests and statistics such as Fst implicitly assume that
chromosomal behaviour always conforms to this pattern.
If chromosomal rearrangements occur, for example the
translocation of part of one chromosome onto another
nonhomologous chromosome, pairing at meiosis
becomes more complex. If all homologous sections of
the chromosomes align and pair, then instead of bivalent
formation, four chromosomes will be involved, forming a
quadrivalent. This added complexity can result in major
fertility problems, because quadrivalents commonly seg-
regate incorrectly; even if two chromosomes migrate to
each pole, four of the six possible combinations will
result in unbalanced gametes. ‘Adjacent’ segregation,
where a chromosome segregates with an immediate
neighbour, results in gametes with the correct number of
chromosomes, but with some genetic material duplicated
or missing. Other segregational problems include non-
disjunction, where three or four of the chromosomes
migrate to the same pole, again producing unbalanced
gametes. The only situation that will lead to balanced,
viable gametes is where each chromosome migrates to
the opposite pole to its immediate neighbour in the
quadrivalent (‘alternate’ segregation) (Rickards, 1983).
The paradox of chromosomal speciation
There can be no doubt that chromosomal change is
associated with the speciation process. Chromosomal
differences between closely related species are
common, and the rate of chromosomal change has been
demonstrated to be correlated with speciation rate in
reptiles (Olmo, 2005), and in vertebrates generally
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Abstract
The Huntsman spider Delena cancerides shows an extraordinary level of
chromosomal diversity and meiotic complexity. Some populations form
normal bivalents at male meiosis, but 14 populations form chains of
chromosomes. Six of these populations form two chains, and so show
segregation behaviour which is beyond our current understanding of meiotic
processes. Chromosomal variation of this sort is rarely tolerated in other
species, because the segregation of long chromosome chains frequently results
in gametes with too many or too few chromosomes. The resulting reproduc-
tive failure may form the basis for reproductive isolation in many species, and
so the mechanisms that allow D. cancerides to segregate long chromosome
chains have allowed this species to maintain cohesion despite extensive
chromosomal variation over its range. The effect these chromosome chains
have on the population genetics of the species is discussed, and a model for the
evolution of the system is proposed.
doi:10.1111/j.1420-9101.2007.01395.x
“I have yet to see any problem, however complicated, which, when you looked at it the 
right way, did not become still more complicated.”
Paul Alderson
Chapter 1
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(Larson et al., 1984). This has led many researchers to
suggest that chromosomal change may be directly
responsible for speciation events. Models of chromoso-
mal speciation generally revolve around two possible
effects of chromosomal rearrangements: meiotic dysfunc-
tion in hybrids (White, 1978; King, 1993) and interfer-
ence with recombination (Rieseberg, 2001; Ayala &
Coluzzi, 2005). This study focuses on the ﬁrst of these.
If two species differing by one or more chromosomal
rearrangements hybridize, meiotic errors of the types
outlined above may occur in the hybrid offspring, and
this may form the basis for their reproductive isolation
(White, 1978; Baker & Bickham, 1986; King, 1993). That
is, a new rearrangement arises and is ﬁxed in an isolated
population, and on secondary contact with other popu-
lations, hybrid infertility prevents mixing of gene pools.
Superﬁcially, this appears to be an excellent explanation
for strong reproductive isolation between similar species
that differ in chromosome number or shape. However,
most models of speciation that rely on hybrid dysgenesis
through chromosomal missegregation suffer from an
underlying paradox: if heterozygosity for a rearrange-
ment is responsible for reproductive isolation between
species, how did the original rearrangement (with its
negative ﬁtness consequences in heterozygotes, the most
likely type of early carrier) persist within a population for
sufﬁciently long to become ﬁxed?
One solution to this paradox is to invoke special
circumstances (e.g. small populations, strong inbreeding
and very strong selection) that might allow underdomi-
nant rearrangements to overcome the ‘heterozygosity
barrier’ to become ﬁxed. But these models are necessarily
of limited generality. The paradox of chromosomal
speciation could also be solved by chromosomal mech-
anisms that avoid the heterozygosity barrier.
Speciation by monobrachial centric
fusions
One such model is Baker & Bickham’s (1986) speciation
by monobrachial centric fusions (SMCF) (see Fig. 1). This
model speciﬁcally applies to groups such as bats and
rodents that possess telocentric chromosomes (i.e. with
the centromere at one extreme end). Telocentric chro-
mosomes occasionally undergo Robertsonian translo-
cations, whereby two chromosomes fuse by their
centromeres (centric fusion). There are several different
ways by which this may occur (John & Freeman, 1975),
but the result is a single, bi-armed (metacentric) chro-
mosome. At meiosis, each arm of a new, bi-armed
chromosome pairs with its unfused homologue. The
resulting trivalents show no underdominance in many
species and therefore there is no barrier to ﬁxation via
genetic drift. Speciation occurs when two species inde-
pendently ﬁx different fusions and, importantly, one of
the chromosomes involved is the same in both popula-
tions. That is, both populations have a metacentric
chromosome, with one arm homologous between pop-
ulations (monobrachial homology). While both popula-
tions are fully fertile, hybrid fertility is compromised. At
hybrid meiosis, the homologous arms of the two new
metacentrics pair with each other, whereas the remain-
ing arm of each pairs up with their telocentric homo-
logue. The result is a chain of four chromosomes
(quadrivalent) and, although trivalents routinely segre-
gate successfully, quadrivalents do not; hence, the
hybrids are infertile or subfertile (Gropp & Winking
(1981) and others). With this chromosomal barrier in
place, the two reproductively isolated populations be-
come free to follow independent evolutionary trajector-
ies, diverging in other characters. Clearly, multiple
Fig. 1 Speciation by monobrachial centric
fusions (Baker & Bickham, 1986).
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rearrangements with monobrachial homology will result
in the formation of even longer chains or rings of
chromosomes at meiosis, resulting in an even greater
reproductive barrier.
Evidence for this model exists in the form of closely
related species carrying two or more fusions with
monobrachial homology, such as the European and
North American beavers (Ward et al., 1991). Perhaps
the best example is the Rattus villosissimus species com-
plex, where species are morphologically very similar, in
two cases genetically indistinguishable (using allozymes),
but differ in carrying different fusions with monobrachial
homology (Baverstock et al., 1983, 1986). Other exam-
ples include lemurs (Rumpler, 2004), bovids (Gallagher
& Womack, 1992), mice (Gropp & Winking, 1981),
shrews (Zima et al., 1996), bats (Baker & Bickham, 1986)
and velvet worms (Rockman et al., 2001; Rockman &
Rowell, 2002). In some cases, narrow hybrid zones occur
between these different forms, indicating strong selection
against hybrids and incipient speciation (e.g. shrews;
Bru¨unner & Hausser, 1996; Narain & Fredga, 1996).
Is the SMCF model universally applicable?
The SMCF model relies on the assumption that meiotic
divisions requiring the segregation of long translocation
rings or chains regularly result in the production of
unbalanced gametes. However, it has been demonstrated
in rye that the rate of successful alternate segregation
varies among genetic lineages, and responds to selection
(Lawrence, 1958; Sun & Rees, 1967). Other factors that
may inﬂuence successful segregation may include chro-
mosome size and shape, and chiasma frequency and
position (Rickards, 1964, 1983). A genetic tendency to
balanced segregation may explain why a small number of
species can routinely segregate quadrivalents, and even
more complex chromosome multiples (see Gru¨tzner
et al., 2006 for review). Moreover, when a population is
found that has this ability, it is usually the case that other
populations of the same species, or congeners, also do
this but with different subsets of chromosomes, further
supporting a genetic basis for this ability. Thus, some
lineages seem to have the evolutionary potential to
overcome the segregational problems of large chromo-
some multiples, whilst most do not (Gru¨tzner et al.,
2006).
Speciation by monobrachial centric fusions is partic-
ularly relevant to spiders because they generally have
telocentric chromosomes, and so are prone to centric
fusion (Rowell, 1987). Also, when autosomal centric
fusions occur in a species of spider, it is extremely rare to
see only a few. Rather, they tend to run to saturation,
such that all possible chromosomes fuse to become parts
of metacentric chromosomes (except in species with an
odd number of chromosome pairs, where one unfused
pair must be left over). This wholesale fusion may or may
not include the sex chromosomes. This pattern is known
as the ‘all-or-nothing fusion rule’ in spiders (Rowell,
1987).
The study species Delena cancerides
Delena cancerides is a large, ﬂat Australian endemic social
huntsman spider that lives in colonies under the exfo-
liating bark of dead trees of the genera Acacia, Casuarina
and Callitris. This species is the only social huntsman
known, and the only social spider to not have a
communal prey-capturing web as the basis for its
sociality (Rowell & Aviles, 1995; Beavis et al., 2006).
Colonies generally consist of one female and successive
cohorts of juveniles, which appear to be mostly sibs or
half-sibs (Rowell & Aviles, 1995).
There are several populations of D. cancerides with 40
telocentric autosomes (20 pairs), plus three nonhomol-
ogous X chromosomes in the male, and six (three pairs)
in the female. This karyotype has been found in two
separate mainland Australian populations in the extreme
north and south of the sampled mainland distribution, as
well as in Tasmania. In these populations, male meiosis
results in 20 bivalents, plus the three X chromosomes,
which form a cluster that moves to one pole at Division I
(Fig. 2a). On the basis of the geographically peripheral
and disjunct distribution of these populations, and the
similarity of their karyotype to all endemic Australian
huntsman spiders, this is thought to be the ancestral
karyotypic form of D. cancerides (Rowell, 1985, 1990). In
most populations, however, ‘all-or-nothing’ centric fu-
sion has taken place, resulting in 21 metacentric chro-
mosomes and one telocentric in the male (Fig. 2b). One
such population is homozygous for fusions (no mono-
brachial homology), leading to a male meiotic conﬁgur-
ation of 10 bivalents, whereas the X chromosomes (one
telocentric and one a metacentric fusion product) form a
separate cluster (Fig. 2c).
In other populations where wholesale fusion has
occurred, one of the X chromosomes is fused to an
autosome, and the latter’s homologue is in turn fused to
another autosome, etc. The result of this is that at male
meiosis, whereas some of the chromosomes form normal
bivalents, others form a chain of chromosomes as shown
in Fig. 3. The exceptional characteristic of D. cancerides is
that it is able to segregate this chain in an alternate
fashion producing balanced gametes. Moreover, because
the chromosomes are linked to an X chromosome, the
autosome fused to the X becomes, by default, part of the
X chromosome, whereas its homologue must always
segregate away from the X and so is a neo-Y chromo-
some. The next in the chain segregates away from the
neo-Y and so is a neo-X, etc. So, for example, in a
population that has a chain of nine chromosomes, ﬁve of
the chromosomes behave as X chromosomes, and four as
Y chromosomes. In other words, this population has an
X1 X2 X3 X4 X5 Y1 Y2 Y3 Y4 sex-determining system, as
well as another X chromosome formed by the fusion of
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the remaining two ‘real’ X chromosomes. In theory, a
chain of any length up to 21 chromosomes is possible in
D. cancerides, and linkage to the sex determination system
ensures stability of the chain over the generations.
Previous studies identiﬁed three populations with
different combinations of fusions resulting in chains of
three, ﬁve and nine (e.g. Rowell, 1990), but collections
were opportunistic and did not cover the species range
well. This study reports on an intensive geographic study
of D. cancerides that identiﬁes a diversity of new chromo-
somal forms, establishes boundaries for previously iden-
tiﬁed forms, and reveals a complex chromosomal
behaviour that has not previously been observed.
Materials and methods
Spiders were collected between January 2004 and May
2005 throughout a large area of south-eastern Australia,
as shown in Fig. 4. Collection was opportunistic within
groves of dead trees, mostly along roadsides. All spiders
encountered were collected, and where possible meiosis
was analysed for at least three males from each colony.
Where possible, individuals from more than one colony
were collected as spiders collected from the same colony
are likely to be related. All karyotypes analysed in this
study are from male spiders, as it is not possible to obtain
meiotic tissue from females. Adult and penultimate males
were processed soon after collection, whereas juveniles
were housed in 250-mL plastic containers, fed crickets
and water on cotton wool, and kept at a constant 23 C
until sufﬁciently mature to produce meiotic cells (male
penultimate moult). Chromosomes were prepared using
methanol and acetic acid, followed by air drying (tech-
niques adapted from Rowell, 1985). Owing to the
complexity of some meiotic conﬁgurations, we applied
the condition that at least three clearly interpretable cells
should be viewed before any individual was assigned to a
chromosomal type, although usually many more were
observed. In all, 974 males from 146 sites were analysed
(Table 1). There is no obvious morphological variation in
D. cancerides across its range, but representative specimens
of the various karyotypic forms identiﬁed have been sent
to D. Hirst of the South Australian Museum for detailed
morphological examination.
Results
Samples were collected across a range of over
209 300 km2 of south-eastern Australia. Of the 146
sample sites examined, 127 revealed only one karyotypic
form in all individuals examined (Table 1). The remain-
ing 19 sites showed polymorphism, with two to four
different meiotic conﬁgurations identiﬁed (Table 2). In
total, 13 different karyotypic forms were identiﬁed, eight
of which are presented here for the ﬁrst time. Two of
these carried longer chains than have previously been
reported, of 13 (CXIII) and 19 (CXIX) chromosomes,
(a)
(b)
(c)
x
x
x
X
x
Fig. 2 Photographs of chromosome preparations, labelling as fol-
lows: X ¼ metacentric X chromosome, x ¼ telocentric X chromo-
some. (a) Telocentric bivalents (tII). (b) Metacentric mitosis.
(c) Metacentric bivalents (mII).
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whereas two other new forms carried chains of three
(CIII) and seven (CVII) (Fig. 5). In the absence of
markers to identify individual chromosomes, it is possible
that two populations may have meiotic conﬁgurations
that appear identical, but actually involve different
combinations of fusions. Consequently, where large
geographic distances and intervening populations with
different conﬁgurations separate two indistinguishable
populations, we have labelled them as potentially distinct
forms. Among the chain-carrying forms, these are CIII,
with around 3000 km separating the population identi-
ﬁed here from the one reported from Western Australia
(Rowell, 1990), and northern and southern chain of
seven forms (CVIIN and CVIIS; 200 km).
Most importantly, however, a new class of chromoso-
mal conﬁguration was encountered. In ﬁve forms, all
three of the X chromosomes are fused to different
autosomes. The result is a meiotic conﬁguration consist-
ing of two chains of chromosomes, one with an X
chromosome at one end and a single, unfused telocentric
autosome at the other end (as for the single chains), and
the other chain with an X chromosome fused to an
autosome at each end. These include CV + CV, CV + CIII,
CVII + CIII and CIX + CIII (Fig. 6, see also Fig. 7).
Three distinct populations carrying a chain of seven
and a chain of three were identiﬁed; in one (CVII +
CIIIt), the telocentric autosome is at the end of the chain
of three, and the chain of seven is terminated with an X
at both ends. In both of the other two (CVII + CIIIN and
CVII + CIIIS), the telocentric chromosome terminated
the chain of seven chromosomes, but they have disjunct
distributions (550 km) and intervening forms and so
are differentiated by the sufﬁxes ‘N’ and ‘S’ (Figs 4
and 6).
Our results also conﬁrmed the presence and delineated
the ranges of the four races from eastern Australia
previously reported by Rowell (1990), including telo-
centric bivalents (tII) metacentric bivalents (mII), and
chains of ﬁve (CV) and nine (CIX). These data are
summarized in Tables 1, 2 and Fig. 4.
Discussion
This study has revealed an extraordinary level of diver-
sity of chromosomal forms within a single taxonomic
species. Not only is the scale of diversity unprecedented,
but also the complexity of meiotic behaviour. We now
know that this species encompasses as many as 16
different forms, including 14 that carry chains, six of
which carry two chains apiece. To our knowledge, this is
not matched by any other animal species, although
complex chains, usually of four chromosomes have been
reported for a large number of termite species (Syren &
Luykx, 1977, 1981; Vincke & Tilquin, 1977; Luykx &
Syren, 1979, 1981).
Telocentric bivalents (tII)
The tII population surveyed in this study (south-eastern
mainland Australia) appears to be isolated from the
populations with fusions by areas of unfavourable hab-
itat, such as the ridgeline of the Great Dividing Range to
the west of the distribution, and a high altitude grassland
to the north-east. Where it does make contact with a
population carrying fusions (CIX), hybridization occurs
(Hancock & Rowell, 1995). Individuals in the hybrid
zone show a range of chromosome numbers, from 2n ¼
22 to 43, indicating that F1 hybrids are fertile.
Metacentric bivalents (mII)
The known distribution of this form has been expanded
greatly by this study. Although sampling across its
distribution is sparse (Fig. 4), that no other chromosomal
forms have been found in the region suggests that it is a
large, continuous population, occupying a larger range
than any other so far described.
Although all the sites in the region have the same gross
meiotic conﬁguration, in the absence of chromosomal
Fig. 3 Schematic representation of a ﬁxed sex-linked chain of
chromosomes (CVII). Each sex has two copies of each chromosome
arm (a–f). Balanced segregation in the male will lead to sperm
carrying either chromosomes 1, 3, 5 and 7 (group A), or 2, 4 and 6
(group B). Because group A includes the X chromosome, group A
sperm will be female determining, and group B sperm male
determining. The female is homozygous for group A. Thus, all of her
eggs will carry group A only. Fertilization by female-determining
sperm will result in females with two copies of group A, whereas
male-determining sperm will lead to male offspring with one copy of
both groups. Consequently, the linkage of autosomes to the sex
chromosome results in a stable system. Although having no sex-
determining function, all group A chromosomes are behaviourally X
chromosomes, and group B, Y chromosomes. Genetic material not
swapped between chromosome arms via crossing over will also be
sex linked.
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markers, it is possible that this area is occupied by a
mosaic of populations with different fusion combina-
tions. If this were the case, hybridization between
adjacent types would result in the formation of chromo-
somal rings at both male and female meiosis. Several
such rings have indeed been observed in the course of
this study, but these will be discussed elsewhere.
Single-chain forms
The area occupied by the different single-chain forms is
extensive but continuous, suggesting a common ances-
try. The CV and CIX forms occupy large geographical
ranges; however, the populations with chains of three,
13 and 19 chromosomes, as well as both populations
with chains of seven chromosomes, appear to be situated
in small pockets around the fringes of the distribution
(Fig. 4). Mixed populations (see below) may represent
regions of overlap and perhaps hybridization between
adjacent, pure forms.
That some of these forms have been found in a ﬁxed
state in this region over a period of around 20 years
indicates that they are stable, fertile and breed true. Cells
at metaphase I are rare, presumably because this stage is
(a) (b)
Fig. 4 (a) Map of the 146 sites sampled as part of this study, and 28 sites sampled by Rowell (1990). Note that some karyomorphs (tII, mII, CV
and CIX) occupy large ranges, whereas others (CIII, CVII, CXIII and CXIX) occur on the periphery of these distributions. The latter may have a
hybrid origin. (b) Enlargement of map section, symbols as in (a). Letters identify mixed sites, see Table 2.
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very short; however, in metaphase I spreads that have
been observed, the chains take on a zig-zig conﬁguration
indicative of successful alternate segregation.
Double-chain forms
Double-chain forms have been found in two geograph-
ically disjunct areas, suggesting either two separate
origins of this complex system, or displacement by other
forms in the intervening area.
That multiple, unrelated individuals within the site, or
group of sites, carry the same meiotic conﬁguration
indicates that animals with this conﬁguration are fertile
and breed true. Whereas in single-chain forms balanced
gametes can be produced simply by alternate segregation,
in double-chain forms, production of balanced gametes
requires not only alternate segregation in both chains,
but coordinated segregation, such that all three X chro-
mosomes migrate to the same pole (Fig. 7). Telophase I
cells in which the X chromosomes are distinguishable are
rarely seen; however, the few that have been (n ¼ 13) all
showed the three X chromosomes had co-segregated
(Fig. 8).
Previous studies on this species did not entertain the
possibility of multiple X autosome fusions because it was
assumed that no mechanism exists to effect coordinated
segregation of two chains. Our discovery of these
populations that must achieve balanced segregation of
large multiples and coordinated segregation of two chains
simultaneously indicates a degree of chromosomal con-
trol hitherto undocumented, and hints at the existence of
novel segregational mechanisms. We are not aware of
any mechanism reported by which two chromosome
multiples can coordinate their behaviour; however, the
following observations may be relevant:
1. Spider X chromosomes form physical associations early
in meiosis. In huntsman spiders, the three X chromo-
somes condense early and come into close proximity
shortly before meiosis (Rowell, 1991a and Fig. 2a,c). In
wolf spiders, which have only two X chromosomes,
this grouping behaviour is accompanied by the forma-
tion of a body called a ‘junction lamina’, reminiscent of
a synaptonemal complex (Wise, 1983). In D. cancerides,
synaptonemal complex analysis shows the three X
Table 1 Sample sizes of various karyotypic conﬁgurations.
Name
Meiotic
conﬁguration
Collection locations
Total
individuals
karyotyped
Pure
sites
Mixed
sites
Total
sites
tII 20tII + 3x 29 1 30 100
mII 10mII + X + x 31 1 32 168
CIII* CIII + 9mII + X 2 0 2 14
CV CV + 8mII + X 10 7 17 91
CVII* CVII + 7mII + X 5 7 12 49
CIX CIX + 6mII + X 23 8 31 201
CXIII CXIII + 4mII + X 2 2 4 4
CXIX CXIX + 1mII + X 2 0 2 6
CV + CIII CV + CIII + 7mII 7 0 7 35
CV + CV CV + CV + 6mII 6 8 14 123
CVII + CIII* CVII + CIII + 6mII 7 7 14 114
CVII + CIIIt CVII + CIII + 6mII 0 1 1 11
CIX + CIII CIX + CIII + 5mII 3 1 4 58
Total 127 19 146 974
tII, telocentric bivalents; mII, metacentric bivalents; C, chain; Roman
numerals denote length (e.g. CIII ¼ chain of three chromosomes).
For double-chain forms, the two chains are separated by a ‘+’ sign
(e.g. CV + CIII ¼ chains of ﬁve and three). x ¼ telocentric X
chromosome, X ¼ metacentric X chromosome.
*Collected from two disjunct populations with the same gross
karyotype.
This form differs from the other populations with chains of seven
and three in that the CIII has an X chromosome on one end and a
telocentric on the other rather than an X chromosome at each end
(Fig. 6).
(a) X
X
x-A
x-A
t
t
(b)
Fig. 5 Single-chain photographs. Note the presence of the meta-
centric X chromosome, labelled X, and the x Autosome fusion
product, labelled x-A. The telocentric autosome is labelled t. (a) Chain
of three chromosomes (CIII). (b) Chain of 19 chromosomes (CXIX).
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chromosomes associated by their proximal ends at late
zygotene and early pachytene (Rowell, 1991a).
Although no such association is visible by diplotene,
if some physical connection has formed in early
meiosis, the two chains may operate as a single, large,
alternately segregating multiple.
2. Studies on ﬂoating multiples reviewed in Rickards
(1983) ‘caution against assuming independence in
orientation of separate chromosome associations.’
(p. 482). Although none of the studies deﬁnitively
shows consistent co-segregation of complex multiples,
they do show that orientation of separate multiples is
not necessarily random.
3. One other species may have a comparable system.
Martins & Mesa (1995) found that members of two
colonies of the South American termite Neotermes
fulvescens had chains of seven and nine, as well as 12
bivalents. Both colonies surveyed (from around
150 km apart) had the same conﬁguration, and the
appearance of double chains in members of the
colonies over successive generations suggests that this
system may be stable. However, no observations of
meiotic products, which would conﬁrm coordinated
segregation, were documented.
Mixed populations and colonies
Although it is broadly true that collection sites show only
one karyotypic form, there is polymorphism in some
regions (Fig. 4 and Table 2). In general, these mixed
populations contain forms found in their pure state in
adjacent populations, suggesting that they may represent
regions of overlap.
(a)
(b)
x-A
x-A
x-A
x-At
x-A
x-A
t
Fig. 6 Double-chain photographs. Note the presence of three x
Autosome fusion products labelled x-A. The telocentric autosome is
labelled t. (a) Chains of seven and three (CVII + CIII) with the
telocentric chromosome on the chain of seven. (b) Chains of seven
and three (CVII + CIIIt) with the telocentric chromosome on the
chain of three.
Fig. 7 Schematic representation of a double-chain system, consist-
ing of a chain of ﬁve and a chain of three (CV + CIII). This system is
possible because Delena cancerides has three X chromosomes.
Although the mechanism is unknown, multiple X chromosomes in
male spiders always migrate together to the same pole. Presumably,
this dictates the co-segregation of the two chains, resulting in two
chromosome groups as in Fig. 3, although the linkage within the
two groups is not physical.
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As colonies are generally thought to consist of an adult
female and successive cohorts of her progeny (Rowell &
Aviles, 1995), the presence of mixed colonies at most
mixed sites suggests that hybridization is occurring. The
majority of sites with a mixture of different single chains
occur at the interface of the large CV, CIX and mII races.
These nine sites all contain individuals with chains of
ﬁve, and/or nine. A plausible scenario is that the three,
seven, 19 and 13 motifs result from hybridization among
the mII, CV and CIX parentals. If mixed sites are
generally interpreted in this way, then it could be argued
that, over the range we have sampled, D. cancerides
consists of four pure chromosomal races (tII, mII, CV,
CIX) bounded by zones of overlap and hybridization. We
are currently carrying out breeding experiments to
determine whether these forms can indeed be created
via hybridization, which show F1 hybrids are easily
produced. The double-chain forms do not show as clear a
pattern; none has a large geographical range and a large
proportion of sites have more than one karyomorph. This
may be due to their being situated on the edge of the
sampled region.
Population genetics consequences of
chains
Our ﬁndings have important implications for population,
conservation and phylogeographic studies which use
codominant markers such as allozymes and microsatel-
lites. Deviations from Hardy–Weinberg expectations
generally form the basis for conclusions regarding
breeding systems, gene ﬂow, population fragmentation,
etc. However, chain formation can result in massive
linkage groups, and sex linkage of alleles (see Santos &
Table 2 Frequency of various karyomorphs at mixed sites and in mixed colonies.
Karyomorphs Site
Label used
in Fig. 4
Ratio of karyomorphs at site
(excluding mixed colonies)
Ratio of karyomorphs
within mixed colonies
tII & mII G(163) A 1/2
CV + CV & CVII + CIII G(16) B 22/8 1/1
W(17) C 15/4 4/2, 6/2
N(50) D 5/8 1/1
X(51) E 1/5
Q(138) F 7/1
G(140) G 7/3 1/1
CV + CV & CVII + CIII & CIX R(145) H 0/0/20 1/0/6, 3/0/1,
0/6/3, 0/12/3
CV + CV & CIX P(137) I 2/1 5/1
CVII & CIX TF(70) J 4/1
M(87) K 2/2, 2/2
CVII & CV O(86) L 5/1
CVII & CV & CXIII B(112) M 0/17/1 3/1/0
CVII & CV & CXIII & CIX O(113) N 4/1/0/0 2/0/0/1, 1/0/1/0
CVII & CV & CIX E(117) O 1/0/1 1/3/0
CV & CIX R(115) P 1/15
B(116) Q 1/8 6/1
CV & CVII W(120) R 8/0 8/6
CIX + CIII & CVII + CIIIt W(126) S 4/2 5/4, 2/5
The ratios in the right-hand columns are given in real numbers, and in the same order as the karyomorphs are shown in the ﬁrst column. Per-
colony ratios are separated by commas.
x-A
x-A
x-A
Fig. 8 Successful double-chain division product. Note the presence
of all three x Autosome fusion products, labelled x-A, in the same
daughter cell.
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Luykx, 1985; Rowell, 1990) and so markers veriﬁed as
autosomally inherited at one site cannot be assumed to
be so across the species range. Similarly, chromosomal
differences may lead to cryptic speciation in some groups,
which, if unrecognized may also confound population
studies. Without knowing the boundaries of the different
chromosomal forms, random collections may well in-
clude a mixture of types. This may result in over- or
underestimates of heterozygosity levels which would be
erroneously ascribed to such factors as inbreeding,
assortative mating and disassortative mating. This is
potentially disastrous if such conclusions were to inform
policy on management programmes. Consequently, the
possibility that chromosomal factors may be responsible
for unexpected patterns of variation should not be
discounted without veriﬁcation. This illustrates how
studies where these parameters may inform management
policy for any species are incomplete and risky in the
absence of an understanding of chromosomal constitu-
tion and variation.
Do these complex meiotic conﬁgurations
have any adaptive signiﬁcance?
Alternate segregation of long chromosomal chains is
clearly a more complex process than simple disjunction of
individual bivalents, and may come at a cost. There has
been considerable speculation on what, if any, adaptive
value sex-linked chains may have. Suggestions include:
(1) genic heterozygosity captured by the chromosomal
heterozygosity (Charlesworth & Wall, 1999); (2) sex-
speciﬁc advantage of certain alleles (Charlesworth &
Charlesworth, 1980); (3) increased relatedness or uni-
formity within colonies of social species (Lacy, 1980,
1984; Rowell, 1986 – but see Leinaas, 1983 and Crozier &
Luykx, 1985); (4) alteration of crossover positions asso-
ciated with chromosomal heterozygosity, permitting the
establishment of new coadapted gene complexes (Rowell,
1991b).
Maintenance of such systems may also result, not from
any selective advantage, but as a necessary requirement
for successful sex determination, as would appear to be
the case in platypus and echidna (Gru¨tzner et al., 2004,
2006). Both (3) and (4) above have been proposed in the
case of D. cancerides (Rowell, 1986, 1990, 1991b). How-
ever, the very diversity we have uncovered makes it
difﬁcult to envisage a single adaptive purpose for the
many karyomorphs now known.
How did the karyotypic diversity of
D. cancerides arise?
We propose that the enormous chromosomal variation in
D. cancerides is a passive consequence of three factors:
1. Karyotypic instability. The occurrence of fusion satura-
tion with no intermediates in a number of spider
species (Rowell, 1987) argues for an innate character-
istic of spider chromosomes predisposing them to
catastrophic change, leading to rapid saturation for
fusions. The ‘trigger’ for such a change is unknown,
but transposable elements are known to cause chro-
mosomal rearrangements in a variety of different
organisms, often quite dramatically (Engels, 1989;
Lo¨nnig & Saedler, 2002). Alternatively, molecular
mechanisms may cause rapid Robertsonian fusion
saturation (Redi et al., 1990). Peters (1982) documen-
ted a heritable propensity for Robertsonian fusion in
grasshoppers.
2. Permissive meiosis. The ability to segregate chromosome
multiples in a balanced manner has been shown to be
under genetic control, and is inherited in a manner
consistent with Mendelian inheritance (Thomson,
1956; Sun & Rees, 1967; Dennho¨fer, 1975). Moreover,
variation in the genes responsible for segregation
patterns means that balanced segregation should be a
selectable character. This has been demonstrated in rye
(Lawrence, 1958; Sun & Rees, 1967). In D. cancerides,
the fact that the chromosomes are all of equal size, and
that crossovers in chains tend to occur more distally
than in bivalents (Rowell, 1991b) may represent a
predisposition for balanced segregation (see Rickards,
1983), which was ‘ﬁne tuned’ by selection. Whether
innate or selected, D. cancerides appears to be capable
of maintaining fertility in the face of high levels
of monobrachial homology and extremely complex
meiotic conﬁgurations.
3. Multiple sex chromosome involvement. The presence of two
unpaired X chromosomes in the male and two pairs in
the female has been reported for 81% of spider species
(White, 1973). More rarely, some species have a simple
XO system (10%), three X chromosomes (8%) or even
four (1%). In all cases where it has been reported, the X
chromosomes in males migrate together at Division I.
In common with most huntsman spiders, D. cancerides
has three X chromosomes in the male. It is this property
that permits the co-segregation of two separate sex-
linked chains; for coordinated segregation of chains to
be possible, they need to be sex linked, because it is the
necessity of X chromosomes migrating to the same pole
that provides the direction for the rest of the chromo-
somes in the chains. Where multiple monobrachial
fusions occur, but none involves an X chromosome,
pairing results in a ring of chromosomes. Such rings are
not evolutionarily stable except in special circum-
stances (Cleland, 1972 and James, 1965; James et al.,
1983). Even if they segregate alternately, the two
resulting groups of chromosomes (say, A and B as per
Fig. 2) represent ﬂoating polymorphism and so are at
the mercy of genetic drift and other random factors. It is
the inclusion of an X chromosome in one of the groups
that ensures that the chromosome multiple persists in
the heterogametic sex.
We propose the following scenario to explain the
chromosomal variation in D. cancerides. Wholesale ran-
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dom fusion, perhaps triggered by transposon activity, led
to the rapid spread of chromosomal fusions through
populations. Many individuals had their fertility seriously
reduced through missegregation of multiples. Even indi-
viduals with high levels of homozygosity for fusions
would have produced offspring with multiples due to the
low likelihood of mating with individuals with the same
combination of fusions. Consequently, selection favoured
individuals with the ability to segregate multiples in a
balanced fashion. Within isolated populations, poly-
morphism for fusions produced a range of meiotic
conﬁgurations; however, a gradual loss of polymorphism
through drift resulted in stable karyotypic forms –
homozygosity for autosomal fusions or heterozygosity
associated with sex linkage. Founder effect and drift
played a role in determining the ﬁxation or loss of
particular karyotypic forms, but unless segregation of
complex multiples was entirely innate, there would have
been strong selection at this time for homozygosity of
fusion combinations. In populations in which the X
chromosomes did not fuse to autosomes, rings of auto-
somes resolved down to metacentric bivalents via genetic
drift. Animals possessing X autosome fusions suffered
levels of infertility correlated with the size of the chro-
mosomal chains they carried. Selection would have
initially favoured individuals with the shortest chains
(which would also, on random expectation, have been
the rarest), whilst exerting a strong selective pressure on
the longer chain forms to achieve balanced segregation. If
long-chain forms were initially much more common than
short ones then this process would result in the retention
of short- to medium-length chains, in populations of
spiders adept at their alternate segregation.
Once achieved, these populations could not only
segregate complex, sex-linked chains, but also hybridize
with other populations, forming additional stable karyo-
morphs, potentially with larger chains (a hybrid origin
for some of the chromosomal forms has been discussed in
detail in Rowell, 1990). The telocentric populations
reported to the north and south of the species distribu-
tion (Rowell, 1990) may indicate that the process is
continuing, or that these populations have developed
suppressors of the fusion trigger – as exist in Drosophila,
where wild strains developed one or more factors
suppressing p mobility (Engels, 1989).
Clearly, this scenario is speculative and based on
circumstantial evidence; however, if it is correct in its
key assumptions, then the ability to segregate chromo-
some chains could be viewed as an adaptation to
withstand karyotypic assault, and one that maintains
gene ﬂow among chromosomally distinct populations.
Wider implications
Chromosomal speciation has been mooted on many
occasions. Most models highlight dysgenesis resulting
from heterozygosity for rearrangements, through cros-
sing over in differential segments or increased rates of
nondisjunction (e.g. White, 1978; Baker & Bickham,
1986). If heterozygosity for rearrangements does repre-
sent an important barrier to gene ﬂow, then mechanisms
that permit structural heterozygotes to segregate success-
fully will block this route to speciation. This is clearly
illustrated by a comparison of D. cancerides with many
rodent groups.
Rodents are also prone to Robertsonian fusion, show-
ing low levels of fertility reduction associated with single
heterozygotes, but marked infertility in multiple hetero-
zygotes (Castiglia & Capanna, 2000), and almost total
sterility in complex heterozygotes with monobrachial
homology (which form chains of four or more chromo-
somes) (Gropp & Winking, 1981 and others). Therefore,
the SMCF model (Baker & Bickham, 1986), which
highlights complex heterozygosity as the basis for repro-
ductive isolation between populations, is strongly sup-
ported by circumstantial evidence in rodents (see also
Baverstock et al., 1986).
Relative to the rodents, huntsman spider taxonomy is
far from complete; however, it is clear that D. cancerides
has the widest distribution of any known endemic
huntsman spider (virtually all of the treed areas of the
continent and offshore islands – Hogg, 1902) with little
apparent regional variation in morphology, and little
genetic differentiation (Rowell, 1990). Although a lack of
morphological or genetic divergence is not sufﬁcient to
infer lack of biological species status with any certainty,
successful hybridization in the laboratory (H. Sharp,
unpublished data), the mixed colonies reported here and
the documented hybrid zone (Hancock & Rowell, 1995)
indicate that hybridization does occur, and continues
beyond the F1 stage.
Conclusions
In D. cancerides, despite the apparent presence of the
prerequisite conditions for SMCF, this has not oc-
curred. Instead, this species seems to have evolved
mechanisms to ensure coordinated, balanced segrega-
tion of very large and complex chromosome chains.
Consequently, D. cancerides maintains species continuity
across its large range whilst possessing many different
Robertsonian fusion populations. Gene ﬂow between
these populations appears to be unrestricted, and
several of the chain carrying populations are likely to
be of hybrid origin. Thus, although this species could,
on the basis of current theory, have become yet
another example of monobrachial Robertsonian fusions
causing division of gene pools, it has instead become
the exact opposite. The mechanisms underlying this
species’ capability to maintain gene ﬂow by segregating
chromosomal multiples require further research, which
will also inform our understanding of those species that
conform to the SMCF model, and speciation processes
more generally.
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Table S1 Collection site details
Site Date collected Nearest town & state of Australia GPS Coordinates
Karyomorphs 
present
Number 
of males 
karyotyped
G(1) 26/12/03 Gembrook, Vic. S37 57 55 E145 33 40 tII 2
T(2) 28/12/03 Traralgon, Vic. S38 10 15 E146 40 33 tII 5
B(3) 29/12/03 Tonigo, Vic. S37 11 53 E147 43 47 tII 2
O(4) 29/12/03 Omeo, Vic. S37 02 42 E147 36 02 tII 1
M(5) 29/12/03 Mitta Mitta, Vic. S36 30 00 E147 18 28 tII 1
GH(8) 8/01/04 Yass, NSW S35 05 45 E148 51 43 CIX 2
K(9) 8/01/04 Wee Jasper, NSW S35 13 09 E148 41 23 tII 4
B(10) 9/01/04 Bowning, NSW S34 46 51 E148 47 35 mII 5
G(11) 9/01/04 Gundagai, NSW S34 59 46 E148 06 52 mII 3
MO(12) 15/01/04 Bredbo, NSW S35 55 04 E149 05 10 tII 1
N(13) 20/01/04 Nimmitabel, NSW S36 31 56 E149 17 33 CIX 1
R(14) 20/01/04 Rockton, NSW S37 07 05 E149 18 17 CIX 1
W(15) 21/01/04 Genoa, Vic. S37 32 30 E149 26 56 CV + CV 2
G(16) 21/01/04 Genoa, Vic. S37 28 40 E149 35 10 CV + CV & CVII + CIIIS 32
W(17) 21/01/04 Wonboyn, NSW S37 22 11 E149 42 48 CV + CV & CVII + CIIIS 33
W(18) 21/02/04 Walumla, NSW S36 46 03 E149 48 49 CIX 1
B(20) 25/02/04 Batlow, NSW S35 30 58 E148 08 43 mII 2
H(22) 10/04/04 Holbrook, NSW S35 45 59 E147 23 39 mII 3
J(23) 10/04/04 Jingellic, NSW S35 54 10 E147 41 52 mII 1
K(24) 11/04/04 Khancoban, NSW S36 13 04 E148 08 43 tII 2
N(25) 11/04/04 Corryong, Vic. S36 17 39 E147 51 03 tII 2
W(26) 11/04/04 Wodonga, NSW S36 06 40 E147 00 48 tII 5
K(28) 13/04/04 Kerrisdale, Vic. S37 08 45 E145 16 03 mII 6
StA(29) 13/04/04 StAndrews, Vic. S37 36 15 E145 16 02 tII 2
E(30) 13/04/04 Eltham, Vic. S37 44 27 E145 08 11 tII 2
D(32) 20/04/04 Dunkeld, Vic. S37 37 46 E142 20 00 mII 2
28
M(33) 20/04/04 Moyston, Vic. S37 16 22 E142 44 53 mII 3
K(34) 22/04/04 Kevington, Vic. S37 21 30 E146 09 53 mII 4
L(35) 23/04/04 Lima South, Vic. S36 54 10 E145 59 49 mII 1
W(36) 23/04/04 Wangaratta, Vic. S36 21 20 E146 20 52 mII 3
M(37) 23/04/04 Myrtleford, Vic. S36 30 42 E146 40 39 mII 3
E(40) 24/04/04 Ensay, Vic. S37 23 27 E147 49 57 tII 1
O(41) 24/04/04 Orbost, Vic. S37 36 42 E148 30 46 tII 3
CR(42) 25/04/04 Cann River, Vic. S37 34 00 E149 08 36 tII 5
RC(43) 25/04/04 Cann River, Vic. S37 34 06 E149 12 37 tII 1
TR(44) 25/04/04 Cann River, Vic. S37 34 11 E149 16 13 tII 7
MD(45) 25/04/04 Cann River, Vic. S37 33 51 E149 20 40 CV + CV 2
A(46) 25/04/04 Genoa, Vic. S37 32 12 E149 23 12 CV + CV 4
N(47) 26/04/04 Noorinbee North, Vic. S37 26 21 E149 11 54 tII 3
Z(48) 26/04/04 Chandlers Creek, Vic. S37 15 59 E149 13 49 tII 1
Y(49) 26/04/04 Rockton, NSW S37 08 07 E149 28 03 CVII + CIIIS 9
N(50) 26/04/04 Wonboyn, NSW S37 14 46 E149 49 12 CV + CV & CVII + CIIIS 15
X(51) 26/04/04 Wonboyn, NSW S37 11 56 E149 37 05 CV + CV & CVII + CIIIS 6
K(52) 28/05/04 Goulburn, NSW S34 41 47 E149 46 06 CIX 1
A(53) 28/05/04 Richlands, NSW S34 14 26 E149 47 18 CIX 1
O(54) 28/05/04 Oberon, NSW S33 42 21 E149 49 58 CXIII 1
L(55) 28/05/04 Lithgow, NSW S33 21 10 E150 02 49 CV 2
ATF(56) 28/05/04 Apple Tree Flat, NSW S32 42 51 E149 44 08 CV 3
D(57) 28/05/04 Dunedoo, NSW S32 05 13 E149 34 54 CV 2
S(58) 29/05/04 Scone, NSW S32 01 13 E150 44 26 CV 7
Q(59) 29/05/04 Quirindi, NSW S31 37 08 E150 42 56 CV 8
SR(60) 29/05/04 Spring Ridge, NSW S31 24 04 E150 14 04 CV 5
P(61) 29/05/04 Premer, NSW S31 22 21 E149 37 39 CVIIN 5
B(62) 29/05/04 Baradine, NSW S30 57 51 E149 04 14 CVIIN 2
G(63) 30/05/04 Gulargambone, NSW S31 15 24 E148 16 48 CIX + CIII 3
D(65) 30/05/04 Dubbo, NSW S32 17 40 E148 33 01 CVII + CIIIN 1
29
P(66) 30/05/04 Peak Hill, NSW S32 46 28 E148 12 45 CV + CIII 6
W(67) 30/05/04 Grenfell, NSW S33 44 50 E148 05 12 mII 1
C(68) 19/06/04 Canowindra, NSW S33 32 40 E148 34 28 CIII 1
E(69) 19/06/04 Eugowra, NSW S33 25 33 E148 21 42 CVIIS 1
TF(70) 20/06/04 Parkes, NSW S33 11 40 E148 30 31 CVIIS & CIX 5
P(71) 20/06/04 Parkes, NSW S33 08 58 E148 20 04 CVIIS 5
BG(72) 20/06/04 Bogan Gate, NSW S33 12 01 E147 58 27 CV + CIII 4
C(73) 28/06/04 Collector, NSW S34 49 35 E149 35 39 CIX 2
CC(74) 28/06/04 Chatsbury, NSW S34 29 58 E149 48 49 CIX 9
G(76) 29/06/04 Goulburn, NSW S34 36 10 E149 35 56 CIX 1
R(77) 29/06/04 Roslyn, NSW S34 33 57 E149 34 35 CIX 8
C(78) 29/06/04 Crookwell, NSW S34 28 09 E149 20 17 CIX 1
L(79) 29/06/04 Rugby, NSW S34 25 16 E149 05 56 mII 1
B(80) 29/06/04 Boorowa, NSW S34 30 44 E148 33 17 mII 3
C(81) 1/07/04 Binda, NSW S34 24 51 E149 23 37 CIX 4
LS(82) 1/07/04 Binda, NSW S34 15 39 E149 20 34 CIX 4
TC(83) 1/07/04 Tuena, NSW S33 57 27 E149 19 09 CIX 2
T(84) 1/07/04 Trunkey Creek, NSW S33 51 37 E149 21 04 CXIX 2
B(85) 1/07/04 Barry, NSW S33 35 45 E149 16 03 CXIX 4
O(86) 2/07/04 0range, NSW S33 09 25 E149 00 30 CVIIS & CV 6
M(87) 2/07/04 Molong, NSW S32 57 59 E148 53 16 CVII S & CIX 8
W(88) 2/07/04 Wellington, NSW S32 24 45 E148 50 15 CV 1
CC(89) 2/07/04 Dubbo, NSW S31 58 50 E148 35 02 CVII + CIIIN 1
N(90) 2/07/04 Narromine, NSW S32 14 51 E148 16 59 CV + CIII 6
TP(91) 2/07/04 Tomingly, NSW S32 29 19 E148 13 08 CV + CIII 3
RT(92) 3/07/04 Parkes, NSW S32 59 57 E148 15 39 CV + CIII 5
F(93) 3/07/04 Forbes, NSW S33 35 12 E147 56 22 CV + CIII 2
W(94) 11/10/04 Wallan, Vic. S37 23 32 E144 58 49 mII 14
HR(95) 11/10/04 Woodend , Vic. S37 20 09 E144 36 07 mII 9
OP(96) 11/10/04 Diggers Rest, Vic. S37 40 06 E144 45 57 tII 2
30
E(97) 14/10/04 Eurobin, Vic. S36 37 04 E146 48 31 mII 7
P(98) 14/10/04 Porepunkah, Vic. S36 40 54 E146 53 33 mII 7
B(99) 14/10/04 Bright, Vic S36 44 29 E147 00 41 mII 14
W(101) 14/10/04 Wandiligong, Vic. S36 46 19 E146 58 54 mII 5
B(102) 14/10/04 Buckland, Vic. S36 45 39 E146 51 46 mII 14
MB(103) 14/10/04 Mt Beauty, Vic. S36 44 28 E147 10 40 mII 10
DD(104) 6/11/04 Candelo, NSW S36 46 35 E149 36 19 CIX 22
BJ(105) 7/11/04 Burragate, NSW S36 53 55 E149 27 53 CIX 17
T(106) 7/11/04 Kiah, NSW S36 59 32 E149 36 18 CIX 16
LP(107) 8/11/04 Moruya, NSW S35 46 53 E150 13 57 CIX 5
G(108) Late November 2004 Goulburn, NSW S34 41 49 E149 46 02 CIX 4
T(109) “ Taralga, NSW S34 16 37 E149 47 02 CIX 8
X(110) “ Richlands, NSW S34 14 26 E149 47 19 CIX 7
A(111) “ Porters Retreat, NSW S34 11 33 E149 44 18 CXIII 1
B(112) “ Black Springs, NSW S33 49 58 E149 45 39 CV & CVIIS & CXIII 20
O(113) “ Oberon, NSW S33 37 36 E149 47 37 CV & CVIIS & CIX & CXIII 10
H(114) “ Rockley, NSW S33 44 22 E149 40 33 CIX 17
R(115) “ Rockley, NSW S33 34 11 E149 32 59 CV & CIX 16
B(116) “ Bathurst, NSW S33 24 37 E149 29 57 CV & CIX 16
E(117) “ Euchareena, NSW S32 57 19 E149 05 24 CV & CVIIS & CIX 6
G(118) “ Gilgandra, NSW S31 40 45 E148 38 48 CVII + CIIIN 23
GS(119) “ Gulargambone, NSW S31 19 30 E148 27 49 CIX + CIII 21
W(120) “ Warrumbungle, NSW S31 15 01 E148 49 34 CVIIN & CV 22
M(121) “ Mendooran, NSW S31 50 51 E149 01 53 CV 5
B(122) “ Binnaway, NSW S31 35 18 E149 16 16 CV 8
C(123) “ Coonabarabran, NSW S31 12 28 E149 26 06 CV 5
X(124) “ Biddon NSW S31 29 40 E148 51 50 CVII + CIIIN 1
W(126) “ Warren, NSW S31 26 39 E147 51 51 CIX + CIII & CVII + CIIIt 22
Q(127) “ Quambone, NSW S31 03 53 E148 05 24 CIX + CIII 23
B(128) 2/01/05 Buxton, Vic. S37 28 47 E145 40 55 mII 11
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A(129) 2/01/05 Alexandra, Vic. S37 11 54 E145 41 12 mII 3
Y(130) 2/01/05 Yea, Vic S37 20 39 E145 27 37 mII 5
H(131) 2/01/05 Healesville, Vic. S37 38 25 E145 29 55 tII 4
B(132) 6/01/05 Bacchus Marsh, Vic. S37 51 21 E144 23 14 tII 6
G(133) 6/01/05 Geelong, Vic. S38 12 44 E144 15 22 mII 6
W(134) 6/01/05 Werribee, Vic S37 56 12 E144 42 28 tII 2
W(135) 12/01/05 Wangarabell, Vic S37 23 21 E149 31 01 CV + CV 26
X(136) 12/01/05 Rockton, NSW S37 20 36 E149 28 40 CV + CV 6
P(137) 12/01/05 Rockton, NSW S37 15 14 E149 28 28 CIX & CV + CV 9
Q(138) 12/01/05 Rockton, NSW S37 13 31 E149 26 49 CV + CV & CVII + CIIIS 8
R(139) 12/01/05 Rockton, NSW S37 08 12 E149 19 36 CV + CV 2
G(140) 13/01/05 Wonboyn, NSW S37 18 11 E149 46 06 CV + CV & CVII + CIIIS 12
K(141) 13/01/05 Kiah, NSW S37 08 49 E149 51 28 CVII + CIIIS 15
E(142) 13/01/05 Eden, NSW S37 02 12 E149 53 58 CIX 1
I(143) 14/01/05 Wonboyn, NSW S37 13 49 E149 42 12 CVII + CIIIS 10
R(145) 14/01/05 Rockton, NSW S37 08 07 E149 20 22 CIX & CV + CV & CVII + CIIIS 55
T(152) 21/03/05 Dry Plains, NSW S36 09 12 E148 57 43 tII 9
B(154) April, 2005 Boorowa, NSW S34 25 28 E148 41 53 mII 7
E(155) “ Eugowra, NSW S33 31 08 E148 29 06 CIII 13
P(156) “ Parkes, NSW S33 09 50 E148 12 20 CV + CIII 9
P(157) “ Parkes, NSW S33 08 05 E148 15 18 CVIIS 5
S(159) 16/05/05 Bright, Vic. S36 50 09 E147 04 22 mII 3
O(161) 18/05/05 Cabramurra, NSW S35 49 04 E148 21 31 mII 3
T(162) 18/05/05 Talbingo, NSW S35 35 01 E148 17 20 mII 7
G(163) 18/05/05 Tumut, NSW S35 24 02 E148 26 01 tII & mII 3
B(164) 24/05/05 Bombala, NSW S36 57 15 E149 06 27 tII 4
D(165) 24/05/05 Delegate River, Vic. S37 04 00 E148 47 30 tII 4
G(166) 24/05/05 Bonang, Vic. S37 20 19 E148 41 34 tII 5
B(167) 25/05/05 Timbery Range, NSW S36 39 13 E149 07 34 tII 3
J(168) 25/05/05 Jindabyne, NSW S36 24 00 E148 39 06 tII 10
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1 1984-1987 Cherwell Ck, Qld. S25 11 28 E152 00 00 tII 3
2 “ Biggendon, Qld. S25 35 44 E151 51 20 tII 1
3 “ Neara Ck, Qld. S26 56 38 E152 20 14 tII 1
4 “ Glen Innes, NSW S29 46 14 E151 53 07 CV 3
5 “ Glencoe, NSW S29 55 57 E151 46 14 CV 3
6 “ Armidale, NSW S30 25 08 E151 41 19 CV 2
7 “ Gunnedah, NSW S30 58 23 E150 16 43 CV 2
8 “ Tamworth, NSW S31 04 52 E150 57 04 CV 7
9 “ Raymond Terrace, NSW S32 56 24 E151 45 15 CV 2
10 “ Newcastle, NSW S32 55 57 E151 47 13 CV 1
11 “ Wyong, NSW S33 14 36 E151 30 31 CV 1
12 “ Gosford, NSW S33 36 29 E151 14 45 CIX 2
13 “ Hall, ACT S35 10 32 E149 04 55 CIX 2
14 “ Wee Jasper, NSW S35 07 18 E148 40 20 CIX 2
15 “ Captains Flat, NSW S35 35 41 E149 25 34 CIX 1
16 “ Araluen, NSW S35 38 55 E149 48 12 CIX 3
21 “ Bairnsdale, Vic. S37 49 44 E147 36 22 tII 2
22 “ Lakes Entrance, Vic. S37 53 50 E147 59 55 tII 1
23 “ Benalla, Vic. S36 34 07 E146 00 00 mII 4
24 “ Seymour, Vic. S37 01 39 E145 07 16 mII 1
25 “ Castlemaine, Vic. S37 04 05 E144 12 45 mII 1
28 “ Horsham, Vic. S36 44 17 E142 11 41 mII 1
30 “ Millicent, SA S37 34 33 E140 21 11 mII 1
31 “ Greenways, SA S34 40 00 E139 41 11 mII 1
32 “ Swan Hill, Vic. S35 25 18 E143 30 00 mII 2
33 “ Hattah Lakes, Vic. S34 44 42 E142 22 18 mII 1
34 “ Kangaroo Is. SA S35 46 22 E137 15 18 mII 2
36 “ Evandale, Tas. S41 32 59 E147 13 01 tII 2
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Fig. S1 Chain of seven (CVII) Fig. S2 Chain of thirteen (CXIII)
Fig. S3 Chains of fi ve and three (CV + CIII) Fig. S4 Chains of fi ve and fi ve (CV + CV)
Fig. S5 Chains of nine and three (CIX + CIII)
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“The most exciting phrase to hear in science, the one that heralds new discoveries, is 
not ‘Eureka!’ but rather ‘hmm...that’s funny...’”
Isaac Asimov
Chapter 2
Autosomal rings in Delena cancerides.
Abstract
The huntsman spider Delena cancerides (Sparassidae, Walckenaer) encompasses 
a number of chromosomally distinct populations (karyomorphs), including forms 
with entirely telocentric chromosomes, and many populations saturated for centric 
fusions resulting in metacentric chromosomes. Where these fusions are sex-linked, 
males are fi xed heterozygotes, carrying one or two sex-linked chains of chromosomes 
of various lengths, while females carry normal bivalents at meiosis. In the absence 
of X-autosome fusions however, all fusions are homozygous meaning both sexes 
carry metacentric bivalents. During a broad scale survey of this polytypism, a fi fth 
category of chromosomal confi guration was observed, where individuals were found 
to carry rings of various even numbers of autosomes at meiosis. Unlike the chains 
seen in other populations, these rings are not sex linked and so are observed as fl oating 
polymorphism, probably occurring in females as well as males. Rings were found 
at only two locations, both within the distribution of the metacentric bivalent (mII) 
population. One of these locations was sampled intensively, revealing six different 
ring types co-distributed in an area of less than 20 km2, mixed with about 50% mII 
individuals, and surrounded by pure mII populations. This polymorphism is interpreted 
as resulting from hybridization between differentiated mII forms carrying different 
fusion combinations. This hybrid zone appears to have tension zone dynamics, possibly 
resulting from malsegregation of large rings. The chromosomal diversity observed 
within the zone is greater than expected for a simple contact between two populations. 
Several models are proposed to account for this excess diversity.
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Introduction
The observation of chromosome multiple formation during meiosis can 
indicate that any one of a number of very different systems is operating in that 
population or species. Multiples are caused by heterozygosity for translocations, 
which may represent small sections of chromosomes being swapped, or whole 
chromosome arms fused or swapped between chromosomes, (referred to as Reciprocal 
Translocations, Robertsonian Fusions and Whole Arm Reciprocal Translocations 
(WART’s), respectively). Heterozygosity for these chromosomal rearrangements 
causes the formation of chromosome multiples (rings or chains) at meiosis because 
rearranged chromosomes are homologous to more than one other chromosome in the 
compliment (monobrachial or segmental homology). Heterozygosity for rearrangements 
causing chromosome multiples at meiosis may be fi xed, balanced or fl oating within a 
population, or it can be produced by hybridization between differentiated populations. 
When novel chromosomal multiples are found in a population, the fi rst step towards 
understanding their signifi cance is to explore the origin of the system by comparison 
with other systems.
Heterozygosity within populations
Fixed translocation heterozygosity systems may be autosomal or sex linked. 
Autosomal systems are well known in Oenothera  and Isotoma (James 1965; Cleland 
1972; Bussell et al. 2002), where all individuals in a population carry multiples. 
Homozygote progeny are prevented from developing in such systems by genetic 
incompatibilities that act as zygotic or gametic lethals (Carson 1967). Although 
rare, similar systems have been documented in other plant species (Darlington & 
Gairdner 1937; Raven & Gregory 1972; Lin 1980; Tilquin 1981; Kenton et al. 1987). 
Alternatively, fi xed systems can be sex-linked, where autosomes are linked to the sex 
determination system as described in many populations of Delena cancerides (Sharp 
& Rowell 2007). These multiples occur during meiosis of the heterogametic sex, and 
normal bivalents form during meiosis in the homogametic sex. Such systems have 
been observed in many plants, invertebrates, and even monotreme mammals (Ogawa 
1954; Virkki 1967; Whitten 1968; Bayreuther 1969; White 1973; Wiens & Barlow 
1973; Barlow & Wiens 1975; Wiens & Barlow 1975; Syren & Luykx 1977; Barlow et 
al. 1978; Wiens & Barlow 1979; Fontana 1980; Barlow 1981; Syren & Luykx 1981; 
Maddison 1982; Fontana & Góldoni 1985; Rowell 1985; Santos & Luykx 1985; Luykx 
1987, 1990; Rowell 1990, 1991a, 1991b; Martins & Mesa 1995; Grüetzner et al. 2006; 
Král 2007).
Multiples that are observed at intermediate frequencies can indicate the 
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presence of chromosomal rearrangements with a diverse array of evolutionary ‘fates’ 
(King 1993). Indeed, all rearrangements that have become fi xed or extinct in a species 
have passed through a stage of intermediate frequency. Some multiples appear to be 
maintained at intermediate frequencies (often over 50%) by balancing selection, where 
the heterozygote has a fi tness advantage over both homozygotes (Patton et al. 1980; 
Baker et al. 1983). This heterosis is generally thought to be due to the maintenance 
of genic heterozygosity in the face of inbreeding (James 1965; Levin 1975), however 
selection for different recombination patterns in different environments is also invoked 
by some authors (Rowell 1991b; Bidau & Marti 2002, 2005). Perhaps the best 
examples of balanced heterozygosity are from Drosophila (King 1993; Coyne & Orr 
1998). Similar systems have been reported in plants (Snow 1960; Wedberg et al. 1968; 
Brandham 1974; Hauber & Bloom 1983; Price et al. 1985), and insects (John & Lewis 
1960; John & Quraishi 1961; Bidau & Marti 2002, 2005).
 Chromosomal variation within populations that is neither fi xed nor obviously 
maintained is referred to as fl oating polymorphism; however this description can include 
neutral variation that is truly fl oating, as well as variants that may, in the future, come to 
be fi xed, balanced or extinct due to selective polarity. Many species that are polytypic, 
or have fi xed or balanced polymorphism also exhibit fl oating polymorphism (Brandham 
1974; Coates & James 1979; Wiens & Barlow 1979; Barlow 1981; Liascovich et al. 
1990; Zhang & Sang 1998; Qumsiyeh et al. 1999; Bidau & Marti 2002; Wójcik et al. 
2002).
Hybridization between populations
When neighbouring populations of a species become fi xed for different 
rearrangements involving the same chromosomes, inter-population hybrids will carry 
chromosome multiples due to monobrachial or segmental homology (Baker & Bickham 
1986; King 1993). This mode of multiple formation requires extensive chromosomal 
restructuring in one or both of the hybridizing populations, suggesting they may have 
been diverging for some time, so other traits may also vary between the populations 
(genetic, morphological, behavioural, recombination patterns etc.) (King 1993).
Barton and Hewitt (1985) describe most hybrid zones as tension zones, which 
are maintained by a balance between dispersal and selection against hybrids (Key 
1968). Another type of hybrid zone is a dispersal-independent cline where hybrids may 
have improved fi tness, such as that seen in pocket gophers (Patton et al. 1980; Baker et 
al. 1983). Related phenomena include neutral clines, where an initial gradient degrades 
with time and introgression (Endler 1977; Avise 2000), and waves of advance, where 
one population-specifi c marker introgresses asymmetrically into the other population 
(Avise 2000). These are usually maintained by environmental selection which produces 
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very patchy distributions of hybrids (Barton & Hewitt 1985; Barton & Gale 1993), 
and clines are aligned with environmental gradients, and so are not expected to be 
coincident. These clines are unlikely to move unless environmental gradients move 
fi rst (Barton & Hewitt 1985). It should be noted that these categories are not mutually 
exclusive (Gorlov & Tsurusaki 2000).
Hybrid zones that have tension zone dynamics are expected to have broadly 
coincident clines (Barton & Hewitt 1985; Harrison 1993). Maintained by the balance 
of selection against hybrids and dispersal into the zone, tension zones act as semi-
permiable barriers to gene fl ow between divergent populations. Linkage disequilibrium 
is generated by the movement of parental genotypes into the zone (Barton & Hewitt 
1985; Harrison 1993). As such, clines will move across the landscape in order to 
minimise their length, driven by selection to reduce production of unfi t hybrids. If 
migrants enter a zone disproportionately from one direction, the zone will move 
away, and so it will be attracted to areas of low density, usually unfavourable habitat, 
geographic barriers and other tension zones (Barton & Hewitt 1985; Kohlmann & Shaw 
1991; Harrison 1993). Therefore, tension zones are characterized as having coincident 
clines in several traits, located in low density populations with selection against hybrids.
Chromosomal hybrid zones that produce multiples generally fi t the tension zone 
model well, because multiples can provide a mechanism for selection to act against 
hybrids, and for increased linkage disequilibrium within the zone. This combination of 
negative heterosis and low recombination can result in a tension zone that is a strong 
barrier to gene fl ow (Barton & Hewitt 1985; Baker & Bickham 1986; King 1993). 
Chromosome multiples that result from hybridization are often negatively heterotic 
(Rickards 1964, 1983; King 1993), which is in sharp contrast to the putatively positively 
heterotic multiples seen in some fi xed and balanced systems discussed above. This 
negative heterosis can be engendered in two ways; malsegregation of chromosome 
multiples (Rickards 1983; Baker & Bickham 1986; King 1993), usually proportional to 
the size of the chromosome multiple (Gropp & Winking 1981; King 1993), or genetic 
effects related to recombination pattern differences (Shaw & Wilkinson 1980; Daly 
et al. 1981; Moran 1981; Coates & Shaw 1982; Shaw et al. 1982; Shaw et al. 1985; 
Marchant et al. 1988).
An important feature of some hybrid zones is an increased genic or 
chromosomal mutation rate relative to background levels, which is often referred to as 
hybrid dysgenesis. This ‘rare allele’ phenomenon has been observed in many tension 
zones (Barton & Hewitt 1985; Porter & Sites 1987; Capanna & Redi 1995; Reed & 
Sites 1995; Garagna et al. 1997; Castiglia & Capanna 1999). Hybrid dysgenesis is often 
associated with the activation of transposable elements (Thompson & Woodruff 1980; 
Gerasimova et al. 1984; Waugh O’Neill et al. 1998; Hurst & Werren 2001; Kidwell & 
Lisch 2001; Fontdevila 2005), or differences in recombination patterns between the 
hybridizing populations (Shaw et al. 1983; Rowell 1991b; Bidau & Marti 2002, 2005). 
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The novel alleles and rearrangements produced by hybrid dysgenesis are unlikely to be 
able to leave the hybrid zone in which they occur (King 1993). An excellent example 
of hybrid dysgenesis is Caledia captiva, where 12% of F1 hybrids between adjacent 
differentiated populations carry novel chromosomal rearrangements (Shaw et al. 1983).
The study species, Delena cancerides.
D. cancerides is a social Huntsman spider found in colonies under the bark of 
dead Acacia, Casuarina and Callitris trees (Rowell & Avilés 1995). This species is 
already known to be extremely chromosomally diverse and complex, as it encompasses 
many different bivalent forming and chain carrying karyomorphs (Sharp & Rowell 
2007). The metacentric bivalent (mII) forming population of D. cancerides has the 
largest distribution of any karyomorph of this species thus far identifi ed (Figure 4 A in 
Sharp & Rowell 2007). In a fi eld survey of the distributions of the bivalent and chain 
forms of D. cancerides, a qualitatively different chromosomal confi guration was found. 
Within the distribution of the mII karyomorph, individuals carrying chromosomal 
rings were found mixed with mII individuals in two isolated locations. Unlike all 
other chromosome multiples known in this species, these rings are not sex linked. The 
aim of this chapter is to explore the nature of this polymorphism, in the context of the 
chromosomal diversity of this species as a whole.
Materials and Methods
 See Sharp and Rowell (2007) for collection and cytological methods.
Results
The various autosomal rings described in this chapter will be referred to as 
“karyotypes” rather than “karyomorphs”, as karyomorph is used elsewhere to describe 
chromosomal confi gurations which are fi xed in populations. Six new karyotypes were 
identifi ed which include rings of autosomes. These are: a ring of four chromosomes 
(RIV); ring of twelve (RXII); ring of fourteen (RXIV); ring of sixteen (RXVI); two 
rings of four (RIV+RIV) and a ring of six with a ring of four (RVI+RIV) (Figure 1 
A F). All autosomes not involved in rings are in metacentric bivalents, and two X 
chromosomes are present, one a metacentric fusion product, and the other telocentric. 
This X fusion confi guration matches that of the mII karyomorph (Figure 2 C in Sharp 
& Rowell 2007), amongst which these rings are found. These ring carrying forms have 
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been found in two small disjunct locations near the edge of the distribution of the mII 
karyomorph, the Ovens Valley in the Victorian highlands, and near Tumbarumba in 
NSW (Figure 2 A). The various ring forms are found intermingled with one another 
and mII carrying individuals at sites and in colonies (Table 1 & Figure 3 A). Results 
pertaining to each locality are discussed in turn below.
Table 1 Collection site details and sample sizes.
Site GPS Tree. Colony No. males & karyotype
B(39) S36 45 44 E147 01 26
3   5 RXVI
6   2 mII & 1 RXVI
7   1 RIV
8.1   1 RXIV
8.2   1 mII
9   1 RXVI
G(100) S36 48 30 E147 03 13
1   2 mII
2   1 mII
4   2 mII
7   2 mII
8   9 mII
9   2 mII
11   1 mII & 1 RXII
13   1 RIV
17   1 mII & 2 RXIV
19   1 mII
21   1 mII & 2 RXIV
P(146) S36 45 03 E147 01 15
1.1   2 mII, 3 RIV, 1 RIV+RIV & 1 RVI+RIV
1.2   1 mII
2   3 mII, 5 RIV & 1 RXII
3   1 mII, 2 RIV & 1 RIV+RIV
4   1 RIV & 1 RVI+RIV
5   1 mII
6   1 RIV+RIV
7   1 mII & 1 RIV
8   1 RIV+RIV
9   1 RIV+RIV
10.2   1 RIV & 4 RIV+RIV
10.3   2 mII
S(147) S36 46 07 E147 02 38
3   1 RIV
4   2 mII, 1 RIV & 1 RIV+RIV
5   1 RIV
F(148) S36 47 26 E147 02 28
3   1 mII
4   1 RXII
5   1 RXII
6   4 mII & 1 RIV
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mII = metacentric bivalents; RIV = ring of four chromosomes; RXII = ring of twelve; RXIV = ring of fourteen; 
RXVI = ring of sixteen; RIV+RIV = two rings of four; RVI+RIV = ring of six and ring of four. Tree. colony column 
breaks the fi ndings down into individual colonies / retreat sites. Numbers in right hand column indicate the number of 
individuals with the given karyotype; lists of karyotypes in this column indicate karyotypes found cohabitating. All 
sites are in or near the Ovens Valley except T(153), which is near Tumbarumba in NSW. Note that mII individuals are 
found at all sites, and that a high proportion of colonies contain a mixture of karyotypes.
K(151) S36 42 51 E147 08 26
1   9 mII
3   5 mII & 4 RIV
4   2 mII & 1 RIV
5   2 mII
S(160) S36 45 31 E147 02 05
1   1 mII, 5 RIV & 1 RIV+RIV
2   6 RIV & 4 RIV+RIV
T(153) S35 49 52 E148 04 13 1   5 mII & 3 RIV
E(97) S36 37 04 E146 48 31
1   1 mII
2   1 mII
3   1 mII
4.1   3 mII
4.2   1 mII
P(98) S36 40 54 E146 53 33
1   2 mII
2   5 mII
B(99) S36 44 29 E147 00 41
3   1 mII
6   1 mII
9   2 mII
10   1 mII
12   5 mII
13.2   5 mII
W(101) S36 46 19 E146 58 54
1   1 mII
2   1 mII
3   1 mII
4   1 mII
5   1 mII
B(102) S36 45 39 E146 51 46
1.1   7 mII
2   1 mII
3.1   4 mII
3.2   2 mII
MB(103) S36 44 28 E147 10 40
1.2   6 mII
2   1 mII
3   1 mII
5   1 mII
6   1 mII
CP(149) S36 46 31 E147 01 53
1   1 mII
2.2   1 mII
3   8 mII
4   1 mII
5   2 mII
S(159) S36 50 09 E147 04 22 3   3 mII
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(a) (b)
(c) (d)
(e) (f)
Fig. 1 Photographs of meiotic spreads showing the 
various karyotypes observed: (a) RIV; (b) RIV+RIV; 
(c) RVI+RIV; (d) RXII; (e) RXIV; (f) RXVI. 
Metacentric X’s are marked with X, telocentric X’s 
marked with x.
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Fig. 2a Map showing the two locations at which rings of chromosomes have been found; Tumbarumba and the 
Ovens Valley. Note the tII populations on the south-eastern side of the Great Dividing Range, suggesting that the ring 
localities are close to the edge of the mII distribution.
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Fig. 2b Collection sites within the Ovens Valley, see Figure 3 A for the percentage of the karyotypes at each site, and 
Table 1 for details.
Fig. 3a The percentage of karyotypes at collection sites in and around the Ovens Valley.
44
Fig. 3b The number of individuals with each karyotype found at polymorphic collection sites in and around the 
Ovens Valley.
The Ovens Valley
The Ovens Valley in the Victorian high country is a long, narrow almost fl at 
valley running in a south-east / north-west direction. The Ovens River drains Mt 
Hotham and Mt Feathertop in the south-east, and runs down out of the high country 
towards the plains of northern Victoria to the north-west. This is close to the edge of the 
mII distribution, which appears to be somewhere near Mt Hotham running north-east to 
south-west along the spine of the Great Dividing Range (GDR). D. cancerides habitat 
in this area is mostly limited to the valley fl oors, although small patches of habitat are 
apparent in the more protected gullies.
The area around the Ovens Valley has been relatively densely sampled; 16 
collection sites were established, including seven at which ring forms were found. Most 
sites from which rings were observed are along a 9.5 km stretch of the Ovens Valley, 
or in adjoining valleys (Figure 2 B). These seven sites are surrounded by sites at which 
only mII individuals have been found, however given small sample sizes at several of 
these sites it is uncertain whether they are fi xed for the mII confi guration (Table 1). 
Across the seven ring sites, males were analysed for meiotic confi guration from 42 
separate colonies, yielding 68 ring carrying individuals and 62 mII individuals (48%). 
This ratio of ring and mII individuals is not signifi cantly different to 50:50 (χ2= 0.277, 
df = 1, p = 0.599). Figure 3 A shows the distribution of individuals carrying mII and 
each of the rings at the various sites in the Ovens Valley, and the relative frequency of 
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the karyotypes overall is shown in Figure 3 B. Given the linearity of the valley habitat, 
Figure 3 A approximates a transect running through the zone (if K(151) and MB(103) 
are ignored). The largest ring karyotypes (RXII, RXIV & RXVI) were only found at 
four sites from the middle of the zone, whereas the smaller ring karyotypes were found 
over a larger area.
The various ring karyotypes are generally found mixed with one another and mII 
individuals. All sites included mII individuals, and of the 25 colonies from which more 
than one male was analysed, only nine (36%) included one chromosomal confi guration, 
eight of which were mII colonies. Only one colony was found apparently monomorphic 
for a ring type, B(39) tree 3 contained fi ve males carrying RXVI. The remaining sixteen 
colonies (64%) contain both ring and mII males. This includes eight colonies with mII 
and one type of ring, four colonies with mII and two types of ring, one colony with 
mII and three types of ring, and three colonies with two different rings forms present. 
Given the limited sample sizes at sites and in colonies, this is almost certainly an 
underestimation of the actual variation present at this location.
Tumbarumba
 The Tumbarumba site T(153) is around 150km north of the Ovens Valley, near 
the town of Tumbarumba in NSW. Like the Ovens Valley, this site is close to the edge 
of the mII distribution, and is situated in the mountainous area on the inland side of the 
GDR (Figure 2 A). This site is close to a tributary of the Tumbarumba Creek, which 
drains the Burra Ridge and Bago Range to the north-east out towards central Australia. 
The area surrounding this site provides very patchy habitat, being in the transition 
between the heavily forested mountains of the GDR to the east, and the rolling open 
woodlands inland of the GDR. Only one colony was found at this site, and eight males 
were analysed cytologically. These included fi ve individuals with the mII confi guration, 
and three with a ring of four chromosomes (Table 1).
As individual chromosomes cannot be distinguished in this species, it is not 
possible to determine whether or not the Tumbarumba RIV is the result of the same 
combination of fusions as the RIV form found in the Ovens Valley. Therefore, the 
Tumbarumba ring will be referred to as RIV2, to distinguish it from the RIV1 from the 
Ovens Valley for the purposes of this discussion, without making any assumptions about 
their actual similarity.
Discussion
 This survey has identifi ed two localities at which D. cancerides spiders carry 
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polymorphism for autosomal fusion combinations, resulting in rings of autosomes of 
various sizes at male meiosis. One of these localities has been surveyed in suffi cient 
detail to reveal it as the most chromosomally variable population identifi ed to date of 
this extremely variable species. At this location in the Ovens Valley, six ring forms 
have been identifi ed, (RIV1, RXII, RXIV, RXVI, RIV+RIV and RVI+RIV). At the other 
location near Tumbarumba, a RIV2 form was found that may or may not be the same 
as RIV1. Due to the lack of data from the Tumbarumba locality, most of the following 
discussion will focus on the Ovens Valley. Within the Ovens Valley, the various rings 
have highly overlapping distributions within a 20 km2 area, and are generally found 
mixed with each other and with mII individuals at sites and in colonies. Around 50% of 
the individuals found at ring sites carry the mII karyomorph, and all individuals caught 
in the surrounding areas carry this confi guration. Interestingly, all ring forms share their 
X fusion confi guration with these mII populations.
Characterizing the polymorphism
The ring carrying forms of D. cancerides reported here are qualitatively 
different to all previously reported chromosomal confi gurations of this species. All other 
chromosome multiples observed include X-autosome fusions (Sharp & Rowell 2007), 
and are characteristic of karyomorphs that are widespread and fi xed, with mixed sites 
and colonies found only in narrow contact zones. The rings, by contrast, are clearly 
not sex-linked, and have only been found in two small localities, and in highly mixed 
populations. The mixing of karyotypes at sites as well as in colonies, in addition to the 
lack of sex-linkage of multiples precludes the possibility that these rings represent a 
fi xed system of any sort.
Floating or balanced polymorphism could explain the occurrence of rings 
in these populations, however these explanations are not considered likely. Rowell 
(1990) surveyed 20 variable allozyme loci in this species across a large geographic 
area (thousands of kilometres and several karyomorphs), and found only minor allele 
frequency differences, suggesting that this species is highly mobile and outbred 
(reviewed in Chapter 3). The area of the Ovens Valley in which rings have been 
observed is only 20 km2, and not geographically isolated, or environmentally distinct. 
Rather it is in the middle of a long thin habitat strip, close to junctions with several other 
such strips (Figure 2 B). Therefore, local differentiation of spiders at this location is 
unlikely, suggesting that this polymorphism is not fl oating or balanced. Indeed, the rings 
of chromosomes described in this chapter seem unlikely to represent polymorphism 
within the mII population.
Therefore, the autosomal rings are most likely to be produced by inter-
population processes of differentiation and hybridization. Due to the lack of 
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chromosome specifi c markers for this species, it is possible that the mII range is 
occupied by a mosaic of populations homozygous for different fusion combinations. 
Hybridization between these different mII types would result in rings of autosomes at 
both male and female meiosis. The size of the rings would depend on the number of 
fusion differences between the hybridizing populations. Sex chromosomes are predicted 
to only be involved in multiples of up to four (all X’s) in females, and only if the 
hybridizing populations have different X fusion combinations.
Describing the Hybrid Zone
If the Ovens Valley locality is interpreted as a hybrid zone, the parental 
populations must occur on either side of the zone, each occupying one end of the valley. 
Three aspects of the Ovens Valley hybrid zone are immediately informative regarding 
its structure; at around 9.5 km wide it is narrow for a large mobile outbred spider, it 
contains nearly coincident clines for many chromosomal fusion differences, and it is 
set amongst many geographic barriers. As discussed in the introduction, hybrid zones 
can have a variety of structures. Some of the models clearly do not fi t the available 
data well, such as neutral, positively heterotic or environmentally maintained clines. 
This is due to the narrowness of the zone, the coincidence of the clines, the presence 
of 50% parental types, and lack of any apparent environmental transition (Barton & 
Hewitt 1985; Harrison 1993). Very recent contact would explain the narrow zone and 
coincident clines, but would not explain the extent of diversity observed within the 
zone, which is greater than that expected in a simple two way hybrid zone (discussed 
below). The tension zone model is supported by the data however, as it can explain the 
width, structure, and geographic context of the hybrid zone. However, the diversity 
observed within the Ovens Valley suggests that this tension zone is not a simple one.
When two populations fi xed for different Robertsonian fusions hybridize, the 
hybrid zone is expected to contain only those fusions observed in the pure populations. 
The Ovens Valley hybrid zone, however, must contain at least three rearrangements in 
excess of those that could be carried by two fi xed parental populations. There are three 
ways in which this extra polymorphism could be interpreted:
- Four differentiated mII populations are required if all six ring karyotypes are 
interpreted as products of primary hybridization (Figure 4 A).
- Three differentiated populations are required if some karyotypes are assumed 
to represent backcross or later generation hybrids (Figure 4 B).
- Two differentiated populations could account for this diversity if a large ring 
is assumed to represent the primary hybrid product, and the remaining karyotypes were 
produced by a minimum of three WART type A rearrangements (or equivalent) within 
the zone (Piálek et al. 2005) (Figure 4 C).
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The fi rst two options are plausible given the complex geography of the 
area, especially the intersection of several valleys in the vicinity of the observed 
polymorphism (Figure 2 B). The zone is some distance from these intersections, 
however, and the valleys may not be large enough to support a differentiated population 
each. Both of these models imply that independent hybrid zones have moved so as to 
become coincident, which is consistent with tension zone dynamics. The third option 
requires WART mutations to occur within the hybrid zone. Such rearrangements have 
been observed in hybrid zones of other species, where they are attributed to hybrid 
dysgenesis (Crocker & Cattanach 1981; Hauffe & Piálek 1997; Piálek et al. 2001; 
Piálek et al. 2005). Hybridization experiments described in chapter 4 have been 
conducted to explore the plausibility of these models.
Fig. 4 Schematic representation of three hypotheses to explain the excess diversity observed in the Ovens Valley. 
Circles represent differentiated populations, arrows represent hybridization producing the karyotype indicated.
(a) 4 population model, where each karyotype results from an F1 cross.
(b) 3 population model, where the two largest rings are F1 products, and the remaining karyotypes are produced by 
fusions from all three populations.
(c) 2 population model, where the largest ring is the F1 product, and the remaining rings indicate that at least three 
WART type A mutations are present within the hybrid zone.
(d) Schematic representation of X chromosome fusion differences between populations, if they exist, and the 
expected result in hybrids.
(a) (b) (c)
(d)
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Although males in most other populations of this species carry large sex-linked 
chains of chromosomes, the capacity to accurately segregate them may have been 
selected for in those populations (Grüetzner et al. 2006; Sharp & Rowell 2007). This 
suggests that mII populations may not share this adaptation. Moreover, females of this 
species are not thought to carry chromosome multiples in any other population, and so 
are not likely to have undergone selection for this trait in any population of the species. 
In addition to carrying the autosomal rings described here, if X fusion differences 
exist between these mII forms, the hybrid females are expected to carry a chain of all 
four X chromosomes (Figure 4 D). These considerations suggest that malsegregation, 
especially in females, may be driving the selection against large multiple carrying 
hybrids, and resulting in tension zone dynamics. Mechanisms of reproductive isolation 
will be discussed in Chapter 4.
Although the above discussion has focused on the Ovens Valley, it is likely 
that the Tumbarumba site represents a similar system. Unfortunately this polymorphic 
population was discovered too late to investigate it in any detail, but preliminary data 
show similarities with the Ovens Valley. RIV2 and mII individuals were found mixed 
within the sampled colony, and the site is surrounded by other mII sites. The RIV2 could 
indicate that the differentiated populations here only differ by two fusions, or that this 
is a part of a larger hybrid zone. This could even be a part of the same hybrid zone as 
that found in the Ovens Valley. Geographically, Tumbarumba is less striking than, but 
not dissimilar to the Ovens Valley, in that it provides narrow strips and small patches of 
habitat restricted to valleys amongst the mountains of the GDR at the edge of the mII 
distribution. Historically, these mountainous areas may have provided multiple refuges 
during glacial maxima, from which populations could have expanded and met allowing 
hybridization during inter-glacial periods (Garrick et al. 2004; Sunnucks et al. 2006). 
This interplay of climate and geography is well known to result in the differentiation 
and later hybridization of isolated lineages (Avise 2000; Hewitt 2000).
Irrespective of whether divergence was allopatric or parapatric, depending 
on when they diverged relative to the onset of fusion saturation, these populations 
could have evolved in three different ways. The divergent mII populations could have 
independently fi xed the characteristic mII karyotype of homozygous autosomal fusions, 
and telocentric and metacentric X’s. Alternatively, the different mII populations could 
share a common mII ancestor, from which one or both have diverged via WART 
mutations. It is also possible that these populations diverged during fusion saturation, 
and so may share the earliest fusions but not later ones. 
Presently, the mII population has the largest distribution of all the known 
karyomorphs of D. cancerides. Given the width of the Ovens Valley zone and the 
sparsity of sampling throughout much of the range of the mII (Figure 4, Sharp & 
Rowell 2007), the chances of stumbling on such zones are small. Given that two zones 
may have been found by this study, such diversity could be common within the mII 
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karyomorph. The presence of multiple populations fi xed for different homozygous 
fusions would provide an interesting counterpoint to the diversity of chain carrying 
karyomorphs of this species. The contrast between these different types of fusion 
saturated population may prove to be highly informative regarding the impact of 
chromosome fusions, and the genetics of post-mating isolation in this species.
If the polymorphism observed in the Ovens Valley and near Tumbarumba is 
a result of hybridization between differentiated mII forms, then this extra diversity 
needs to be considered in the broader context of the species. Sharp and Rowell (2007) 
noted the parapatric distributions of all single chain karyomorphs, and the two groups 
of similarly distributed double chain karyomorphs. With the addition of contiguous 
yet differentiated mII populations, a clear pattern emerges; karyotypic diversity is 
not distributed randomly across the landscape in this species, but is rather grouped 
according to karyomorph type. As karyomorph type is determined by X chromosome 
fusion confi guration, this observation suggests that X fusion confi guration has been an 
important factor in the evolution of this system.
 In conclusion, the diversity of ring forms observed in the Ovens Valley is 
most parsimoniously explained as resulting from hybridization between two or more 
differentiated mII forms. Selection against individuals with large chromosome rings, 
possibly due to elevated rates of malsegregation at meiosis, has caused tension zone 
dynamics to develop. It is possible that the second locality at which rings were found 
near Tumbarumba shares similar attributes. With the addition of chromosome rings 
and differentiated mII populations to the list of chromosomal forms of this spider, 
D. cancerides is now undoubtedly the most chromosomally diverse and complex 
species known.
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“Curiouser and curiouser”
Alice’s Adventures in Wonderland by Lewis Carrol
Chapter 3
Ancient mtDNA divergence despite extensive nuclear 
gene fl ow; phylogeography of Delena cancerides.
Abstract
 Delena cancerides is the most chromosomally complex species known, with at 
least sixteen distinct karyomorphs. Most of these carry one or two sex-linked chains of 
chromosomes at male meiosis, but all have parapatric distributions with small areas of 
overlap and probably hybridization. Sequencing of the mitochondrial gene COI from 
80 individuals including some from each known karyomorph has revealed ancient 
divisions within this species. Average corrected pairwise sequence divergence of 11.8% 
was found among four clades, which is interpreted as resulting from vicariance events, 
possibly caused by climate change at the end of the Miocene. Abrupt phylogeographic 
discontinuities in mtDNA and chromosomes exist between clades, with very little 
mixing of lineages. Chromosomal diversifi cation appears to have begun after vicariance, 
but before secondary contact because, although COI clade distributions encompass 
several karyomorphs each, clade contact zones are highly concordant with some 
karyomorph contact zones. Breaks occur at karyomorph contact zones across which 
X chromosome fusions differ, suggesting that such differences are related to reduced 
female-mediated gene fl ow across these contact zones. This widespread species is 
morphologically and behaviorally invariable, and shows only minor allelic variation 
between karyomorphs, suggesting that male mediated nuclear gene fl ow across contact 
zones is relatively unrestricted. Therefore, a signal of ancient divisions within this 
species has been preserved in the mtDNA of females, whereas males have maintained 
species continuity by ensuring nuclear gene fl ow among lineages. These results suggest 
that despite deep divergences within this species, evolution has been phyletic rather than 
cladistic. Ancient mtDNA lineages have remained connected by tension zones that act 
as semi-permiable barriers to gene fl ow for neutral or positively selected nuclear alleles 
via male mediated gene fl ow.
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Introduction
 The processes that generate new species have been a focus of evolutionary 
genetics since its inception, yet there are still many unanswered questions regarding the 
mechanisms of species bifurcation and diversifi cation. The study of the distribution of 
genetic variation in space and time, known as historical phylogeography, is an important 
aspect of any investigation of speciation mechanisms. By incorporating historical and 
geographical information into the analysis of genetic variation, existing hypotheses 
regarding population histories, evolution, gene fl ow and population structure can be 
evaluated, and new ones proposed.
The identifi cation of phylogeographic signal in a species indicates that historical 
processes have, at least to some extent, determined the present day geographic 
distribution of genetic variation. Many species previously thought to be genetically 
homogenous have recently been found to include cryptic genetic diversity (Avise 2000; 
Omland et al. 2000; Steinfartz et al. 2000; Jockusch & Wake 2002; Phillips et al. 2004; 
Bickford et al. 2006; Beheregaray & Caccone 2007; Brown et al. 2007; Pfenninger & 
Schwenk 2007). Where such cryptic diversity is found with geographic structure, it 
is generally interpreted as suggestive of historical vicariance (Avise 2000), although 
stochastic factors (Irwin 2002) and selection (William et al. 2004) can also be involved. 
In Europe and North America especially, there are many examples of contiguous 
populations comprised of several lineages that have been fragmented and diversifi ed in 
glacial refuges, then expanded to make secondary contact at suture zones (Hewitt 2000, 
2001, 2004b). Some such examples include chromosomal differentiation of the vicariant 
populations (Barton & Hewitt 1981b, 1981a; Nachman et al. 1994; Jaarola et al. 1997; 
Confl aronieri et al. 1998; Federov et al. 1999; Polyakov et al. 2000; Marshall & Sites 
2001; Mazurok et al. 2001; Polyakov et al. 2001; Brünner et al. 2002; Wójcik et al. 
2002; Anderson et al. 2004; Božĭková et al. 2005), which can contribute to reproductive 
isolation of these groups on secondary contact (see Chapter 4). Relatively few 
chromosomally variable groups have been analyzed using modern phylogeographical 
techniques, meaning that many hypotheses regarding chromosomal evolution have not 
yet been evaluated with these powerful new techniques.
Unlike Europe, Australia had few glaciers, so rather than severe population 
bottlenecks into few, major refugia, much of the Australian fauna underwent repeated 
cycles of fragmentation and range shifts during climatic oscillations (Byrne et al. 
2008). Historical phylogeographic techniques can detect very long histories of repeated 
population expansion and contraction in some Australian species, although the defi ning 
events are often very diffi cult to tease apart (Joseph et al. 1995; Schneider et al. 1998; 
Schneider & Moritz 1999; Schneider et al. 1999; Hewitt 2000; Moritz et al. 2000; 
Kershaw et al. 2003; Garrick et al. 2004; Hill 2004; Phillips et al. 2004; Sunnucks et al. 
2006).
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Many phylogeographic studies in recent years have found unexpected diversity, 
especially in the mitochondrial genome (mtDNA) (Shaw et al. 1993; Jaarola et al. 1997; 
Avise 2000; Mead et al. 2001; Jockusch & Wake 2002; Shaw 2002). mtDNA may be 
more sensitive than nuclear DNA to relatively recent events, due to generally having a 
smaller effective population size (Ne), faster mutation rate, and maternal inheritance. 
Consequently, mtDNA markers are more rapidly evolving, have shorter coalescence 
times and refl ect female mediated gene fl ow. The lack of recombination usually 
observed in mtDNA is also useful, as most methods of phylogenetic reconstruction 
assume a lack of recombination (Avise 2000).
Widespread, morphologically conservative species have proven to harbor 
much of the recently observed cryptic diversity, as have highly sedentary and female 
philopatric species. In general, species with extremely large distributions (continents 
to hemispheres) are unlikely to be truly panmictic due to geographic barriers, historical 
vicariance and isolation by distance (IBD) (Omland et al. 2000; Jockusch & Wake 
2002). Sedentary and habitat specialist species often show phylogeographic breaks 
due to similar processes occurring over much smaller distances (Thomaz et al. 1996; 
Baric & Sturmbauer 1999; Hugall et al. 2002; Garrick et al. 2004; Pinceel et al. 2005; 
Sunnucks et al. 2006). Spiders may be particularly likely to exhibit cryptic diversity due 
to low vagility, female philopatry and possibly slow rates of morphological divergence 
(Coddington & Levi 1991; Hedin 1997b, 1997a; Bond et al. 2001; Hedin & Wood 2002; 
Hendrixson & Bond 2005; Crews & Hedin 2006) but see (Masta 2000).
Lack of concordance between nuclear and mtDNA markers can help to 
distinguish male- and female-mediated gene fl ow. For instance, female philopatry 
will result in slower introgression of mitochondrial markers (Hoelzer et al. 1994; 
Hoelzer 1997; Avise 2000; Irwin 2002). Moreover, if the deleterious fi tness effects 
of hybridization are observed to disproportionately affect one sex over the other, 
then introgression of mtDNA compared to that of nuclear markers should refl ect this 
difference (Avise 2000). However, historical factors such as range shifts need to be 
taken into account. Chromosomal differences between hybridizing populations can 
also contribute to these patterns, as segregational success may differ between the sexes 
(Gropp & Winking 1981; Munné et al. 2000). Moreover, chromosomal rearrangements 
can protect large linkage blocks from recombination, and so extend the effects of 
deleterious loci to prevent introgression across much larger chromosomal regions than 
normal (Rieseberg 2001) (Chapter 4).
The role of chromosomal change in the speciation process has been a 
contentious issue for many years (Ayala & Coluzzi 2005). When chromosomes are 
compared between related species, structural rearrangements are often apparent, yet 
chromosomal variation is rarely observed within species (White 1978b; King 1993). 
When present, chromosomal variants are often designated races or subspecies due to 
genetic differentiation and partial reproductive isolation. This pattern strongly suggests 
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that chromosomal rearrangements could play a widespread causative role in the 
initiation of the speciation process (White 1978b; Baker & Bickham 1986; King 1993). 
Most models of chromosomal speciation have emphasized the segregation diffi culties 
commonly experienced by structural heterozygotes as the cause of reduced gene fl ow 
between incipient species (Lande 1979; Baker & Bickham 1986; King 1993; Hauffe & 
Searle 1998), whilst others have looked to the effects of different recombination patterns 
(White 1978a; Felsenstein 1981; Rowell 1991b; Trickett & Butlin 1994), genetic 
incompatibilities (Coyne & Orr 1998; Turelli et al. 2001), or a combination of both 
(Rieseberg et al. 1995; Rieseberg 2001).
When divergent lineages hybridize, if the hybrids and parentals are equally 
fi t, then introgression is expected to occur at a rate relative to effective migration. 
Therefore, the width of such neutral contact zones can be used to estimate the time since 
secondary contact (Barton & Hewitt 1981a, 1985). However, if the contact is a tension 
zone maintained by the balance between migration and selection against hybrids, then 
the loci that cause fi tness reduction in hybrids, along with those that are linked to them, 
will have their introgression retarded in proportion to the selection intensity (Barton 
& Hewitt 1985; William et al. 2004). Consequently the width of a tension zone is 
determined by dispersal, and the strength of selection against hybrids (Barton & Hewitt 
1985; Phillips et al. 2004; Sotka & Palumbi 2006). Neutral or positively selected loci 
that are unlinked to deleterious loci are expected to introgress freely through tension 
zones, although few such loci are expected due to the large number of deleterious loci 
commonly observed (Barton & Hewitt 1985; Parsons et al. 1993; Brumfi eld et al. 
2001).
The study species Delena cancerides
 The Australian huntsman spider D. cancerides is found in colonies under 
the bark of dead Acacia, Casuarina and Callitris trees (Rowell & Avilés 1995). It is 
unknown whether this species disperses by ballooning. D. cancerides is unusual in 
that it encompasses many chromosomally differentiated populations or “karyomorphs” 
that are essentially parapatric across its continent-wide distribution, with narrow areas 
of overlap and probable hybridization at contact zones (Sharp & Rowell 2007). Three 
disjunct karyomorphs carry the putative ancestral confi guration of twenty pairs of 
telocentric autosomes (tII), and at least two karyomorphs are saturated for homozygous 
fusions, forming ten bivalents at meiosis (mII) (Figure 2 in Sharp & Rowell 2007). 
Eleven karyomorphs are known to carry one or two sex-linked chains at male meiosis, 
three of which are found in two disjunct locations (Sharp & Rowell 2007). Chains result 
from fusion saturation and fi xed sex-linked heterozygosity for chromosomal fusion 
combinations (Rowell 1985, 1991a, 1991b).
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Rowell (1990) analyzed 20 variable allozyme loci in this species across 
essentially the same area as the present study. The distribution and frequency of alleles 
was remarkably uniform among karyomorphs, as can be seen in Appendix 1 which 
shows the six most divergent loci. The overall distribution of samples was larger than 
the present study, however only fi ve karyomorphs were included (tII, mII, CIIIW, 
CV and CIX), the others being undiscovered at that time. Some of these samples 
were ascribed to karyomorphs on the basis of distribution alone, and may have been 
misclassifi ed (Rowell, pers. comm.). Only three of the twenty loci analyzed showed 
differences between karyomorphs in the commonest allele (aldolase, AAT 1 and IDH 1, 
Appendix 1 A, B & D). Furthermore, only the aldolase locus showed fi xed differences 
(Queensland and Victorian tII, possibly also Tasmanian tII), although this locus was 
also found to be sex-linked in the CIX karyomorph (Rowell 1990). This lack of genetic 
divergence between karyomorphs indicates that D. cancerides is highly mobile and 
outbred. This conclusion is supported by the lack of apparent behavioral (L. Rayor pers 
comm.), or morphological differentiation (D. Hirst pers. com.) among karyomorphs. 
This is surprising because social spiders are usually highly inbred (Riechert & Roeloffs 
1993).
In order to gain a more in depth understanding of the origin and maintenance 
of the chromosomal diversity observed in D. cancerides, a phylogenetic analysis of the 
karyomorphs is highly desirable. As discussed above, mtDNA provides an extremely 
useful phylogenetic marker for the investigation of evolutionary processes (Avise 2000). 
Despite these advantages, mtDNA gene trees do not always map closely to species trees 
for a variety of reasons (Hoelzer 1997; Maddison 1997; Arbogast et al. 2002; Knowles 
& Maddison 2002; William et al. 2004). It is widely acknowledged that for increased 
understanding of the historical processes in play, multiple markers from the nuclear 
genome should be analyzed in conjunction with mtDNA (Avise 2000; Hewitt 2001; 
Arbogast et al. 2002; Irwin 2002; William et al. 2004; Kuo & Avise 2005). However 
this approach is likely to be problematic for this species as much of the nuclear 
genome is sex linked in most populations, and no information is available concerning 
the identity of individual autosomes and sex chromosomes involved in multiples in 
various populations. There is also evidence for the localization of crossover positions 
in multiple carrying populations which would reduce recombination (Rowell 1991b). 
Therefore, nuclear markers are likely to behave as autosomes, or be X- or Y-linked to 
various degrees, in different populations. This unpredictable sex linkage would make 
analysis of nuclear markers very challenging.
Some authors have used chromosomal rearrangements themselves to estimate 
the phylogeny of a group (Mazurok et al. 2001; Bulatova et al. 2002). Recent advances 
allowing precise chromosome and rearrangement identifi cation have resolved many 
of the previous problems with this technique (Mazurok et al. 2001; Dobigny et al. 
2004). However, even if markers were developed for this species, it is inadvisable to 
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utilize monobrachial homology as a phylogenetic marker when Whole Arm Reciprocal 
Translocations (WART’s) are thought to occur (see Chapter 4), unless the polarity of 
characters can be assigned with confi dence. Unfortunately, this is not possible in any but 
the most thoroughly characterised species (Dobigny et al. 2004; Britton-Davidian et al. 
2005; Pialek et al. 2005).
Aims
D. cancerides is unusual in that it exhibits considerable chromosomal structural 
variation, yet little apparent genetic structure or morphological divergence. This is 
intriguing, because the factors implicated in chromosomal divergence (geographic 
isolation, genetic drift and random fi xation) are expected to affect all marker systems 
similarly. This chapter investigates the pattern of mtDNA variation in D. cancerides 
within and among the karyomorphs, focusing on the following questions; 
1. Is there genetic variation with geographic structure in the mtDNA of this 
species?
2. Are karyomorphs associated with the genetic structure? 
Materials and Methods
Eighty samples were chosen from among the fi eld-collected specimens 
(Chapters 1 & 2) in order to provide representation of all karyomorphs, as well as some 
coverage of the geographic range of the more widely distributed forms. Wherever 
possible, two unrelated individuals of opposite sex were chosen for analysis from each 
of up to eight sites per karyomorph. Where possible, the number of sites represented 
was roughly proportional to the size of the geographic distribution of that karyomorph. 
Three samples collected by Rowell (1990) were also included, from northern New 
South Wales (NSW), Perth and Kangaroo Island. One sample from Tasmania was also 
provided by David Hirst of the South Australian Museum. A total of 80 D. cancerides 
individuals were included in the analysis (Appendix 2).
 For outgroup comparison, representatives of two other sparassid genera 
Holconia (H. insignis (Thorell 1870)) and Olios (O. punctata (Nicolet 1849)), a 
representative of another species of Delena (D. gloriosa, (Rainbow 1917)) and a 
putative new species of Delena (D. “pumilla”), plus two species of Eodelena (E. 
melanochelis, (Strand 1913) and E. spenceri, (Hogg 1902)) were included (Appendix 3) 
(all references from Platnick 2009). The latter four specimens were kindly identifi ed and 
provided by David Hirst.
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Laboratory technique
 DNA was extracted using a modifi ed cetyltrimethylammonium bromine (CTAB) 
protocol (Murray & Thompson 1980). For large spiders, a single femur was used, 
and an equivalent amount of tissue was taken from the legs of smaller individuals. 
The tissue was incubated in 30 μL of Proteinase-K and 500μL of CTAB with 2% 
ß-mercaptoethanol overnight at 30oC. Samples were pulverized and incubated for a 
further hour before chloroform extraction. DNA was precipitated by adding 1/10 x 
volume NaAc (3M) and 2.5 x volume of 100% etOH before overnight storage at -12oC. 
Precipitate was centrifuged out of suspension, dried, and re-suspended in 40μl of 1 x TE 
overnight at 4oC.
The mitochondrial gene cytochrome oxidase subunit I (COI) was amplifi ed 
using the universal primer pair HCO / LCO:
HCO2198: 5’ - TAAACTTCAGGGTGACCAAAAAATCA and 
LCO1490: 5’ - GGTCAACAAATCATAAAGATATTGG) (Folmer et al. 1994). PCR 
reactions were 40μL in total volume, and contained 2μL of template DNA, 0.2μL 
Platinum TaqPCRx DNA Polymerase (Invitrogen), 1μL of each primer (10μM), 1.6μL  
dNTp’s (5μM), 2.4μL MgSO4 (50μM), 4μL 10X PCRx Amplifi cation Buffer. Samples 
were placed in a Thermal Cycler PCR machine at 94°C for three minutes before 
being cycled 35 times through 94°C for 30 seconds, 55°C for 30 seconds, and 72°C 
for 1 minute 30 seconds. The program concluded with 72°C for three minutes before 
dropping to 4°C for at least one minute.
Following amplifi cation, PCR products were purifi ed for sequencing using 
10M AmAc followed by ethanol precipitation. PCR products were sequenced in both 
directions using BigDye Terminator (Applied Biosystems) and run on an ABI 31100 
Genetic Analyzer.
Analysis methods
Sequences were edited by eye with reference to chromatograms, and aligned 
using SEQUENCHER version 3.0 (Gene Codes Corporation, Mi). After alignment and 
cropping, a 520 base pair segment was analyzed using DnaSP version 4.10.9 (Rozas et 
al. 2003). A range of population genetic parameters and test statistics were calculated, 
including Fu & Li’s F* and D* (Fu & Li 1993), Fu’s Fs (Fu 1997), Tajimas D (Tajima 
1989), and Strobeck’s S (Strobeck 1987). These were all calculated from the total 
number of mutations and the total number of segregating sites, with equivalent results, 
so only the former are shown. Ramos-Onsin and Rozas’s R2, (Ramos-Onsins & Rozas 
2002) and signifi cance for Fu’s Fs were calculated with coalescent simulations using 
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1000 replicates. McDonald and Kreitman (1991) (MK) tests were also conducted on a 
range of different divisions of the data.
Recombination was tested for using RDP (Recombination detection program) 
version 3 Beta 22 (Martin et al. 2005). RDP, Bootscan, MaxChi and Geneconv protocols 
were all run with 1000 bootstrap replicates each. Analysis of Molecular Variance 
(AMOVA), and Mantel tests for IBD were conducted using GenAlEx version 6 (Peakall 
& Smouse 2006). 9999 bootstrap replicates were used for all tests.
Estimating the age of the vicariance event/s which separated the mtDNA 
lineages identifi ed by this study is problematic. Coalescent simulations are not 
a practical option for this species, due to a lack of calibration points. Like many 
invertebrates, there is no fossil record of D. cancerides, and insuffi cient samples 
were available from the clearly isolated populations (Perth, Kangaroo Island and 
Tasmania) to use the timing of their isolation as a calibration point (Beerli et al. 1996). 
Bioclimatic modelling (Hugall et al. 2002) is also unlikely to be a simple option, due 
to the dependence of this species on many different tree species with diverse growth 
requirements (Rowell & Avilés 1995). 
Divergence times were calculated using corrected sequence distances, divided 
by two molecular clock estimates (1.71% and 2.3% per million years) previously 
reported for the COI gene in invertebrates (Brower 1994). The appropriate correction 
was determined by Modeltest version 3.7 (Posada & Crandall 1998) with Akaike 
information criterion. Recent reviews of this methodology in birds and insects indicate 
that although signifi cant rate variation is apparent among lineages, the use of an average 
rate of evolution can yield reasonably accurate estimates of divergence times (Gaunt & 
Miles 2002; Weir & Schulter 2008).
Trees were constructed with Bayesian analyses using MrBayes v3.0b4 
(Huelsenbeck & Ronquist 2001). The analysis had separate partitions for the fi rst, 
second and third codon positions, and all parameters were estimated from the data 
during the run. The default value of four Markov chains per run was used, and the 
analysis was repeated twice to ensure overall tree space was well covered. Each 
analysis was run for 4,000,000 generations, and the chain was sampled after every 100 
generations, resulting in 40,000 sampled trees. Log-likelihood values reached a plateau 
after approximately 100,000 generations, which equates to 1,000 sampled trees. To 
ensure the full burn-in phase was excluded from analysis, the fi rst 10,000 trees were 
discarded. The last 30,000 trees were used to estimate Bayesian posterior probabilities. 
In order to get another assessment of branch support, a parsimony analysis with 10,000 
unweighted bootstrap replicates was done on the same data set.
Haplotype networks based on statistical parsimony (Templeton 1998) 
were constructed using the program TCS version 1.21 (Clement et al. 2000). This 
technique uses a parsimony-based algorithm to estimate the minimum number of base 
substitutions between haplotypes. Nested Clade Analysis (NCA) (Templeton 1998) 
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was conducted on haplotype networks generated by TCS within the 95% confi dence 
interval. Networks were nested by hand and analyzed using GeoDis version 2.5 (Posada 
et al. 2000), the output from which was then interpreted using the GeoDis Inference 
Key (11 Nov 2005, available from http://darwin.uvigo.es/software/geodis.html). It 
should be noted that there is some controversy regarding the application of NCA. High 
rates of false positive inferences have been shown from NCA analyses of simulated 
data sets, particularly of contiguous range expansion and IBD (Knowles & Maddison 
2002). Moreover, this analysis was designed for use on data sets with good geographic 
coverage and large sample sizes (Templeton et al. 1995).
Results
A 520 bp DNA fragment was sequenced from each of 80 D. cancerides 
specimens, and six outgroup taxa (Appendices 2 & 4). In 76 of the D. cancerides 
sequences, and all of the outgroup taxa, almost all substitutions observed were in third 
codon positions. Of the 109 substitutions observed in these D. cancerides sequences, 
107 were synonymous changes, and two were amino acid replacements. Nucleotide and 
mutation frequencies observed were typical of mtDNA COI in invertebrates (Table 1), 
and the inferred amino acid sequence is very similar to COI protein sequences of other 
spiders (Barrett & Hebert 2005).
Table 1 Nucleotide composition and mutation frequencies of D. cancerides mtDNA COI sequences.
Four D. cancerides sequences lacked an open reading frame, having a number of 
deletions and multiple stop codons not present in other sequences. The presence of stop 
codons, deletions resulting in frameshifts, and the genetic divergence of these sequences 
(Appendix 4) is suggestive that they represent nuclear mitochondrial transfers (numts) 
(Lopez et al. 1994; Collura & Stewart 1995; Sunnucks & Hales 1996; Bensasson et 
Base Frequency
A 0.295
T 0.413
G 0.170
C 0.122
Mutation Frequency
A-C 7.589 x 10-10
A-G 18.344
A-T 1.724
C-G 0.649
C-T 12.121
G-T 1.000
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al. 2001; Thalmann et al. 2004). Therefore, these sequences have been excluded from 
most analyses. Interestingly, three of the four inferred numt sequences represent all 
three representatives of the CIX+CIII karyomorph in the northern double chain group. 
Consequently, this karyomorph has also been excluded from analyses. The fourth numt 
sequence is from the CVII+CIIIS karyomorph in the southern double chain group which 
is located at the opposite end of the sampled region (Figure 4 in Sharp & Rowell 2007). 
The absence of frameshifting deletions and stop codons in the remaining 76 sequences 
strongly suggests that they are not numts, although this needs to be verifi ed in the future.
Recombination was tested for using a variety of techniques. RDP, Bootscan, 
MaxChi and Geneconv methods all detected no evidence for any recombination events 
in the 76 COI sequences, however signifi cant results were found when the inferred numt 
sequences were included in analyses (results not shown). Departures from neutrality 
caused by selection or population expansion / contraction were tested for using a variety 
of techniques (Table 2). Fu and Li’s F* and D* were non-signifi cant in all categories, 
and Fu’s Fs was signifi cant overall and in the two largest clades. Tajima’s D did not 
detect any signifi cant departures from neutrality in any category. Ramos-Onsins and 
Rozas’s R2 was highly signifi cant, overall as well as in the main clades individually 
(Table 2). MK tests between the two largest clades, and between D. cancerides and the 
outgroup taxa (collectively and separately), were non-signifi cant. However, signifi cant 
departures from neutrality were detected between the D. cancerides COI sequences and 
the inferred numts (p=0.008 – <0.001 depending on correction). Haplotype diversity 
(Hd) is very high overall (0.991), as well as within clades (0.975-1.000, Table 2), 
suggesting that populations maintain large effective population sizes (Ne). Due to this 
high Hd, Strobeck’s S was highly signifi cant overall and in the two largest clades. These 
results indicate that recombination and selection are only detectable in the four inferred 
numt sequences, and that the 76 remaining sequences are therefore likely to represent 
genuine mtDNA COI sequences. Also indicated by these results is that population 
expansion has occurred in the main clades (Strobeck 1987; Tajima 1989; McDonald & 
Kreitman 1991; Fu & Li 1993; Fu 1997; Ramos-Onsins & Rozas 2002).
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Table 2 Population genetic analyses.
Historical Phylogeographic analyses
mtDNA COI sequence data revealed deep divergence within D. cancerides. 
Modeltest found the GTR+I+G model of sequence evolution to be the most appropriate 
for sequence correction. Four well supported clades were found with 6-29% corrected 
sequence divergence (Table 3), dividing the data set into two large clades (Southern and 
Eastern) and one smaller one (Northern), plus a lone haplotype from a site near Warren 
in central NSW (site W(126)). On the basis of a rough molecular clock, these clades 
appear to have diverged between 3.84 to 15.21 million years ago (Table 4) (Brower 
1994).
Overall Southern Eastern Northern
  No. sequences 76 33 33 8
  No. segregating sites (S) 97 57 32 26
  Total number of mutations (Eta) 119 59 33 26
  No. haplotypes (h) 57 24 24 8
  Haplotype diversity (Hd)  0.991 0.977 0.975 1.000
  Nucleotide diversity (pie)  0.049 0.019 0.011 0.019
  Av No. nucleotide differences (k) 25.348 9.852 5.763 9.714
  Strobeck’s S 1.000 1.000 1.000 1.000
     p for S <<0.001 <<0.001 <<0.001 0.097
  Fu & Li’s D* -0.132 -0.883 -1.609 -0.913
     p for D* >0.10 >0.10 >0.10 >0.10
  Fu & Li’s F* -0.021 -1.023 -1.679 -0.975
     p for F* >0.10 >0.10 >0.10 >0.10
  Fu’s Fs -15.596 -6.988 -13.544 -2.237
     Lower limit -9.370 -6.448 -5.886 -3.082
     Upper limit 9.144 7.002 6.050 5.204
  Tajimas D -0.073 -0.094 -0.049 -0.096
     Lower limit -1.778 -1.728 -1.708 -1.813
     Upper limit 1.721 1.734 1.724 1.739
  R2 <<0.001 <<0.001 <<0.001 <<0.001
     Lower limit 0.053 0.051 0.011 0.052
     Upper limit 0.157 0.154 0.154 0.155
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Table 3 Uncorrected and corrected (GTR+I+G) pairwise sequence divergence.
Table 4 Divergence time estimates, calculated from corrected sequence divergence (Brower 1994).
Uncorrected Corrected
Range Average Range Average
  Within Eastern 0.19-2.50 1.17 0.20-2.89 1.29
  Within Southern 0.19-4.62 2.06 0.20-5.60 2.34
    Within Southern Light 0.19-3.08 1.5 0.20-3.90 1.7
  Within Northern 0.19-4.42 1.87 0.20-5.75 2.22
    Talbingo subclade 0.38 0.39
    CVIIN / CV subclade 0.19-1.54 0.79 0.2-1.69 0.85
    Btw subclades 2.69-4.42 3.33 3.15-5.75 4.08
  Btw E & S 5.77-8.46 7.25 8.81-20.60 12.78
  Btw E & N 5.77-8.46 6.98 8.45-18.60 11.44
  Btw S & N 4.81-7.31 5.95 6.42-11.72 8.85
  Btw S & W 6.35-8.08 7.2 12.66-29.21 16.25
  Btw E & W 5.38-6.15 5.78 7.60-9.74 8.87
  Btw N & W 7.12-7.50 7.43 20.94-27.43 26.01
  Overall Btw Clades 4.81-8.46 6.92 6.42-29.21 11.8
  Btw D.c & Outgroups 10.38-22.12 14.44 19.66-102.95 45.51
2.3% / myr 1.71% / myr
Range Average Range Average
  Within Eastern 0.09-1.25 0.56 0.11-1.70 0.75
  Within Southern 0.09-2.43 1.37 0.12-3.27 1.37
    Within Southern light 0.09-1.22 0.74 0.12-2.28 0.99
  Within Northern 0.09-2.50 0.96 0.12-3.36 1.3
    Within Talbingo subclade 0.17 0.23
    Within Northern light subclade 0.09-0.74 0.37 0.12-0.99 0.5
    Btw subclades 1.37-2.58 1.77 1.84-3.36 2.38
  Btw E & S 3.83-8.96 5.56 5.15-12.05 7.47
  Btw E & N 3.68-8.09 4.97 4.94-10.88 6.69
  Btw S & N 2.79-5.09 3.84 3.76-6.85 5.18
  Btw S & W 5.50-12.70 7.07 7.40-17.08 9.5
  Btw E & W 3.30-4.24 3.86 4.44-5.70 5.19
  Btw N & W 9.10-11.93 11.31 12.25-16.04 15.21
  Overall Btw Clades 2.79-12.70 5.13 3.76-17.08 6.9
  Btw D.c & outgroups 8.55-44.76 19.79 11.5-60.21 26.61
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Bayesian and Parsimony analyses were used to estimate the COI gene tree, and 
the results were highly consistent and well supported (Figure 1). Bootstrap values and 
posterior probabilities indicate strong support for all clades and sub-clades discussed. 
Although there is clearly genetic structure within these groupings, sampling is 
insuffi cient to discern any geographic structure at this level.
Fig. 1 Parsimony phylogram of D. cancerides and outgroups (mtDNA COI). Parsimony bootstrap support values 
shown above the line, and Bayesian posterior probabilities below the line. Haplotype numbers as in Figure 2 and 
Appendix 2. 
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Statistical parsimony haplotype network analysis performed by TCS yielded 
seven separate networks, and ten unlinked haplotypes within the 9 steps allowed by the 
95% confi dence interval. These were Eastern, Southern light, Western, Northern light, 
Talbingo, two of the outgroup haplotypes (62 & 63), and two of the numt haplotypes 
(58 & 59). This analysis was unable to link haplotypes 23, 24, 57, 60, 61 and 64-68 
(Figure 2). Southern and Northern “light” are used to refer to these clades without their 
associated sub-clades (ie; Northern without Talbingo, and Southern without Western and 
haplotypes 23 and 24). In addition to the networks used for analyses, a single network 
was constructed linking all D. cancerides haplotypes, and others linking all numt 
haplotypes, and two of the outgroup haplotypes, shown in Figure 2. This was done by 
relaxing the TCS confi dence interval to 30 steps, which allows the individual networks 
to be linked without changing them in any way. The patterns of relationship produced 
by this approach concur with those shown by the tree in Figure 1.
NCA analysis was conducted on Eastern and Southern light clades. These 
yielded six sub-clades with statistically signifi cant signal, however only two inferences 
could be made (Table 5). Contiguous range expansion was inferred to have occurred in a 
sub-clade of Southern which includes haplotypes 14 & 2-6, representing the CIIIE, mII, 
CV+CIII and CVII+CIIIN karyomorphs (Figure 2). Also, restricted gene fl ow with IBD 
was inferred in a sub-clade of Eastern which includes haplotypes 32-36, representing 
the CIX, CVII+CIIIS, CV+CV and CXIX karyomorphs (Figure 2).
Fig. 2 (see over) Map of clade distributions with haplotype networks. Colours represent karyomorphs, 
circles in haplotype networks sized to indicate sample size (between one and four), symbols in map indicate 
collection sites with either cytological and sequencing data (large coloured circles) or cytological data only (small 
circles with black outline). The heavy black lines through the map indicate the approximate location of the clade 
contact zones. Haplotype numbers as in Appendix 4. Although the network shown was produced by relaxing the 
confi dence limit of TCS, within clade structure is identical to that of analyses performed within the 95% confi dence 
limit, and between clade structure concurs with that shown in Figure 1. That haplotypes 58-61 cannot be linked to 
the network supports their interpretation as numt sequences. Southern and Northern “light” used in the text refers 
to clades without their associated sub-clades (ie; Northern without Talbingo, and Southern without Western and 
haplotypes 23 and 24). Abbreviations on the small map of Australia are as follows: Western Australia, WA: South 
Australia, SA; Northern Territory, NT; Queensland, QLD; New South Wales, NSW; Victoria, VIC; Tasmania, TAS.
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Table 5 Population historical inferences suggested by nested clade analysis. Results presented only for those clades 
with signifi cant associations between haplotype and geography (p<0.05).
The main clades identifi ed by this study are Southern and Eastern. The Southern 
clade has a distribution spanning the southern coast of Australia up into south central 
NSW, and includes karyomorphs with telocentric and metacentric bivalents (tII, mII), 
as well as single chains (CIIIE, CIIIW) and double chains (CV+CIII, CVII+CIIIN) 
(Figure 2). This clade includes 33 samples carrying 24 unique haplotypes, with up to 
5.6 % corrected sequence pairwise divergence (average 2.34) among them (Table 3). 
The Eastern Clade is found along the eastern coastal strip of NSW, and includes single 
(CV, CVIIS, CIX, CXIII, CXIX), and double chain karyomorphs (CV+CV, CVII+CIIIS) 
(Figure 2).  This clade includes 33 samples yielding 24 unique haplotypes (the same as 
the Southern clade), with up to 2.89% corrected sequence divergence among haplotypes 
(average 1.29%) which is much less than that observed in the Southern clade (Table 3). 
The other clades are much smaller, and so have been excluded from many 
analyses. The Northern Clade includes 8 individuals with unique haplotypes, in two 
sub-clades from discrete geographic areas (Figure 2). The six specimens in the main, or 
Northern light sub-clade all have single chains (CVIIN, CV), and the two specimens in 
the Talbingo sub-clade carry the mII confi guration (T(162)) (Figure 2). The sub-clades 
are 3.15-5.75% divergent (Table 3). The fourth clade, Warren, is represented by two 
individuals with the same haplotype collected from the same site. This is the only site at 
which the CVII+CIIIt karyomorph was found, and is at the extreme north-west corner of 
the sampled region (Figure 2).
Clade Subclade Permutation P-value
Chain of 
inference Biogeographic inference 
Southern
3.1 0.017 1-2-11-12 Contiguous range expansion 
3.2 0.025 4-3-8-4-9 Inadequate sampling
Eastern
1.4 subclade V 0.043 - 0.982
1-2-11-17-4 Restricted gene fl ow with Isolation by distance 1.4 subclade VI 1.000 - 0.035
1.4 interior v’s tip 0.036 - 0.982
1.13 0 1-2-11-17 Inconclusive outcome
2.3 0 4-3-8-4-9 Inadequate sampling
3.3 0.043 1-2-11-17 Inconclusive outcome
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Further population genetic analyses
 Mantel tests for isolation by distance (IBD) show interesting differences between 
the clades (Figure 3). In the Southern clade, results suggest that whilst an IBD pattern 
is present, the unevenness of the spread of geographic distances in the sample may be 
obscuring the pattern (Figure 3 A). When the analysis is repeated without the four most 
distant haplotypes (Southern light, Figure 3 B) the Rxy value increases from 0.4 to 0.6, 
and the p value falls by an order of magnitude (0.001 to 0.0001). In this second plot, the 
pattern of IBD over a distance of around 500km becomes clearly apparent. A similar 
pattern is evident in the Northern clade (Rxy = 0.953, p = 0.004, Figure 3 C), however 
this may be due to the small sample size of this group, the sub-clade structure, and the 
lack of intermediate distance comparisons. This pattern contrasts with the Eastern clade, 
in which there is no support for IBD (Rxy=0.097, p=0.186), no matter how the data are 
manipulated (Figure 3 D).
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Fig. 3 IBD analyses.
(a) Southern Rxy=0.406, p=0.001
(b) Southern light Rxy=0.606, p <0.001
(c) Northern Rxy=0.953, p=0.004
(d) Eastern Rxy=0.097, p=0.186
(a)
(b)
(c)
(d)
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AMOVA analysis conducted with clades as regions and karyomorphs as 
populations indicate that the clades explain 77% of the molecular variance in these 
samples (Table 6). Karyomorphs appear to carry 18% of the variance; yet only 6% is 
found between karyomorphs within clades. When AMOVA analysis is conducted on the 
two main clades separately, irrespective of whether karyomorphs or X confi gurations 
are used as regions, most variation is held among collection sites. This analysis reveals 
some interesting differences between the clades; in the Southern clade, 14-19% of the 
variation is held between chromosomal forms, yet in the Eastern Clade only 0-2% of 
the variation is attributable to chromosomal forms. The PhiPT values from all AMOVA 
analyses are suggestive of substantial population subdivision. This is to be expected in 
the overall category, where PhiPT = 0.825 (p <0.001) supports the split into four clades, 
however for the Southern and Eastern clades to show PhiPT values of 0.695-0.780 (p 
= 0.010- <0.001) is suggestive of further strong population subdivision within clades 
(Table 6) (Michalakis & Excoffi er 1996).
Table 6 AMOVA analyses
Group Source of variation d.f. Sum of squares
Variance 
components
% 
variation Stat Value p-value
Delena 
cancerides
  Between clades 3 667.716 13.896 77 PhiRT 0.768 <0.001
  Among karyomorphs 12 96.769 1.028 6 PhiPR 0.245 <0.001
  Within karyomorphs 60 189.989 3.166 18 PhiPT 0.825 <0.001
  Total 75 954.474 18.090
Southern
  Between karyomorphs 5 51.983 0.881 19 PhiRT 0.187 0.003
  Among collection sites 9 55.950 2.392 51 PhiPR 0.625 <0.001
  Within collection sites 15 21.500 1.433 30 PhiPT 0.695 <0.001
  Total 29 129.433 4.706
  Between X confi gurations 3 34.017 0.650 14 PhiRT 0.137 0.010
  Among collection sites 11 73.917 2.643 56 PhiPR 0.648 0.010
  Within collection sites 15 21.500 1.433 30 PhiPT 0.697 0.010
  Total 29 129.433 4.726
Eastern
  Between karyomorphs 6 32.256 0.051 2 PhiRT 0.017 0.428
  Among collection sites 6 31.167 2.270 76 PhiPR 0.776 <0.001
  Within collection sites 13 8.500 0.654 22 PhiPT 0.780 <0.001
  Total 25 71.923 2.975
  Between X confi gurations 1 1.790 0.000 0 PhiRT 0.000 1.000
  Among collection sites 11 61.633 2.475 79 PhiPR 0.791 <0.001
  Within collection sites 13 8.500 0.654 21 PhiPT 0.759 <0.001
  Total 25 71.923 2.715
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Discussion
Historical Phylogeography of D. cancerides
On the basis of mtDNA COI sequencing, in the area sampled by the present 
study D. cancerides is comprised of four distinct clades. These are highly divergent and 
well supported (Figures 1 & 2). In general, this structuring separates populations on the 
eastern coast of NSW (Eastern) from those in Victoria and central NSW (Southern), 
northern NSW (Northern), and western NSW (Warren). In contrast with the deep 
divisions observed between clades, analyses conducted within clades revealed very 
little discernible geographic structure. Between-clade and within-clade analyses will be 
discussed in turn below.
The clades identifi ed by this study are parapatric in distribution, with contact 
zones that generally do not match dispersal barriers, but are consistent with geographic 
limits identifi ed by several other studies. For example, the transition from Eastern to 
Southern haplotypes on the far eastern coast of Victoria is concordant with patterns 
observed in frogs of the Litoria citropa species complex (Donellan et al. 1999), two 
Limnodynastes species (Schäuble & Moritz 2001) and Crina signifera (Symula et al. 
2008), as well as Planipapillus velvet worms (Rockman et al. 2001), the skink Egernia 
whitii (Chapple et al. 2005), the satin bowerbird Ptilonorhynchus violaceus (Nicholls 
& Austin 2005), and Fabaceae plants of the genus Pultenaea (Bickford et al. 2004). 
That so many different organisms share phylogeographic breaks in this area, when no 
geographic barrier is evident, strongly suggests that these organisms share a common 
history of vicariance.
On the basis of the high degree of sequence divergence observed, separation of 
the mtDNA specifi c to the clades may have occurred around 3.84 to 15.21 million years 
ago (Table 4). It is notable that this estimated time since divergence dates to before the 
Quaternary, suggesting late Miocene / early Pliocene divergence. There are several other 
examples of such old divergences in Australian endemics, many of which are associated 
with the Great Dividing Range (GDR) (Joseph et al. 1995; Schneider et al. 1998; James 
& Moritz 2000; Moritz et al. 2000; Schäuble & Moritz 2001; O’Connor & Moritz 2003; 
Garrick et al. 2004). In particular, a freshwater shrimp (Paratya australiensis, (Cook et 
al. 2006)), and a froglet (Crinia signifera, (Symula et al. 2008)) appear to have diverged 
at around the same time as D. cancerides, and their lineages have similar present day 
distributions.
The climate of Australia was cooling and drying at the end of the Miocene, 
some glaciers formed on the eastern Highlands, and much of southeastern Australia 
was covered by grassland (Bowler 1982; Kershaw et al. 2003; Hill 2004). This was 
also a time of tectonic activity, which lifted the eastern Highlands of the GDR, and 
was followed by marine incursion throughout eastern Victoria (Dickinson et al. 2002). 
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These processes could plausibly fragment the distribution of habitat tree species, and so 
result in the isolation of D. cancerides populations in and around the GDR. Therefore, 
although the present GDR is unlikely to present an effective barrier to dispersal, the 
genetic divergence observed between populations east and west of the range suggests 
that historically it was a very important barrier to gene fl ow. Therefore, this extensive 
mountain range is probably best interpreted as a suture zone (Hewitt 2000, 2001, 
2004a).
The non-overlapping ranges of estimates for pairwise comparisons between 
clades suggest that some pairs were more closely connected to begin with, or split later 
than others. For example, Northern and Warren may have been diverging for 9.10 to 
16.04 million years, whereas Northern and Southern could have been separate for only 
2.79 to 6.85 million years (Table 4). Although these dates are approximate, it is notable 
that these estimates suggest that the clades were evolving independently throughout the 
Quaternary climate oscillations, suggesting that they have undergone repeated cycles of 
expansion and contraction since separation. Indeed, this study has detected strong signal 
of population contraction (vicariance) and expansion (Table 2). It is therefore likely 
that D. cancerides has had a very long and complex history of alternating cycles of 
population expansion and contraction, possibly including “touch and go” contacts sensu 
Hewitt (Hewitt 1993), in response to climate cycling (Bowler 1982; Joseph et al. 1995; 
Schneider et al. 1998; Kershaw et al. 2003; Hill 2004; Byrne et al. 2008).
Concordance of mtDNA clades with karyomorph distributions
When the geographic distributions of the clades identifi ed by this study are 
compared to the distribution of the many karyomorphs of this species, the concordance 
is striking (Figure 2). On the basis of the current data, clades encompass several 
karyomorphs each, and all karyomorphs are exclusive to one clade, with the exception 
of collections from only two sites (T(162) and B(122), discussed below). This means 
that clade contact zones closely match some karyomorph contact zones, whilst other 
karyomorph contact zones appear to have no impact on genetic structure. The following 
discussion deals with these categories in turn.
That certain karyomorph contact zones represent abrupt phylogeographic 
discontinuities in mtDNA as well as chromosomal fusions is unexpected, given the high 
degree of gene fl ow indicated by a previous study using allozymes (Rowell 1990, see 
Appendix 1). This could be explained by homoplasy or selection of allozyme alleles 
and frequencies, although the fact that 20 loci were scored makes these explanations 
unlikely. When biparentally inherited nuclear markers such as allozymes indicate that 
gene fl ow between populations is extensive, and maternally inherited mtDNA markers 
reveal cryptic diversity, female biased mechanisms are strongly indicated, including 
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female philopatry and disproportionate fi tness reduction in female hybrids (Hoelzer et 
al. 1994; Wilmer et al. 1994; Hoelzer 1997; Jaarola et al. 1997; Avise 2000; Mead et 
al. 2001; Jockusch & Wake 2002; Martínez-Solano et al. 2007). Given the degree of 
divergence observed in the mtDNA, and the degree of gene fl ow inferred by Rowell 
(1990), both of these processes may be important in this species.
When the sex ratio is balanced, mtDNA markers are expected to coalesce to 
monophyly four times faster than nuclear markers, due to lower effective population 
size (Avise 2000; Palumbi et al. 2001) although stochasticity may overrule this pattern 
(Hudson & Turelli 2003). This generalization gave rise to the ‘three times rule’, which 
is a guide for interpreting lack of concordance between nuclear and mtDNA loci 
(Palumbi & Cipriano 1998). In this case, the primary sex ratio appears to be balanced 
(Rowell & Avilés 1995), and the average divergence between clades (11.8%) is over fi ve 
times the largest recorded average divergence within a clade (Southern, 2.34%, Table 3). 
This means that if the nuclear markers were diverging for as long as the mtDNA, then 
fi xed differences and novel alleles should be present. It is therefore most parsimonious 
with the available data to conclude that the clades were not allopatric for long enough 
for nuclear loci to have diverged. Also, secondary contact probably occurred some time 
ago, allowing introgression to homogenize allele frequencies.
If introgression has played a part in the minimal divergence of nuclear loci 
observed by Rowell (1990), then mitochondrial introgression should also have occurred. 
It is notable that although karyomorphs are often found mixed together at collection 
sites and in colonies in the fi eld, at only one site were karyomorphs from different 
clades found together (site W(120) discussed below) (Table 2 in Sharp & Rowell 2007). 
This may represent a sampling effect, or it could indicate that karyomorph contact 
zones that are also clade contact zones are narrower than karyomorph contact zones are 
generally, suggesting partial reproductive isolation between clades.
If reproductive isolation does occur between clades, a clue to the mechanism 
may be the strong association observed between mtDNA lineage and chromosomal 
fusion confi guration. Most of the karyomorph contact zones that are also clade contact 
zones share a common feature; they represent hybridization between karyomorphs that 
have different X chromosome fusion confi gurations (tII / CV+CV, tII / CIX, mII / CIX, 
CV+CIII / CVIIS, CVII+CIIIN / CV, Figure 2, see also Figures 2, 5 and 6 in Sharp & 
Rowell 2007 noting X fusion confi gurations). There are only three exceptions to this 
generalization, which are discussed below. There are several mechanisms by which 
chromosomal differences between populations can reduce gene fl ow, which will be 
discussed at length in Chapter 4. The important point here is that if such a mechanism 
is in place between some karyomorphs of this species, it must impact female-mediated 
gene fl ow more than male-mediated gene fl ow.
It is important to note that although some karyomorph pairs clearly have 
different X chromosome fusions, in others this is not possible to establish, as X’s and 
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autosomes cannot be identifi ed. So, for example, an X-X fusion can be distinguished 
from an X- autosome one, but X1-X2 and X3-autosome fusions cannot be differentiated 
from X2-X3 and X1-autosome fusions. There are three X chromosome fusion 
confi gurations observed within this species; mII (X-X & X), single chain (X-X & 
X-autosome), and double chain (three X-autosome fusions). Therefore, although it 
is known that karyomorphs with different X fusion confi gurations (mII, single and 
double chain) cannot share identical X fusions, karyomorphs with the same X fusion 
confi gurations (eg; two single chain forms) may or may not share actual fusions.
The exceptions to the above generalizations regarding clade contact zones are 
easily explained.
- Site Talbingo (162) is an mII site, which unexpectedly groups with the 
Northern clade (Figure 2). It is possible that this site represents one of the divergent 
mII populations proposed in Chapter 2, and tested for in Chapter 4. If this is so, then 
although this mII population has the same X fusion confi guration as the surrounding 
populations, it is likely to have different actual fusions.
- The clade contact zone between CIIIE and CVIIS (Figure 2) has no apparent X 
confi guration difference. However, apparently pure populations of these karyomorphs 
are found in close proximity in the fi eld (15km separates E(69) and E(155), Sharp & 
Rowell 2007 Figure 4), and no mixing of karyomorphs or mtDNA clades has been 
observed. 
- Site Binnaway (122) is a CV site close to the border with CVIIN, which 
unexpectedly groups with the Northern clade (Figure 2). This most likely indicates 
recent introgression of Northern haplotypes from the CVIIN into CV because it involves 
tip haplotypes (Avise 2000).
- Site Warrambungle (120) yielded CV and CVIIN karyomorphs mixed together 
in colonies (Table 2 in Sharp & Rowell 2007). This is the only sampled site at which 
karyomorphs from different clades were found together, and represents one of the 
sections of clade contact zone across which X fusion confi guration is the same.
 Therefore, within the sampled area, D. cancerides is comprised of four deeply 
divergent mtDNA lineages, with parapatric distributions and little evidence for mtDNA 
introgression. These lineages meet in abrupt phylogeographic discontinuities coincident 
with chromosomal hybrid zones between karyomorphs with different X fusions. The 
area between CV and CVIIN may be particularly interesting, as X fusion differences 
may be absent here, and introgression appears to have occurred. This suggests that 
some mechanism of reproductive isolation related to the X chromosome fusions limits 
or prevents introgression of mtDNA between lineages. This mechanism must act 
predominantly in female hybrids in order to be detectable only with mtDNA.
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Within-clade polyphyly
The strong phylogeographic structure described above contrasts sharply with the 
polyphyly observed within clades. Surprisingly, within clades there is no clear pattern 
of association of related haplotypes with particular karyomorphs or X chromosome 
fusion confi gurations, however there are suggestions that such associations may 
exist, and strong indications of fi ne scale population structure (Table 6). In general, 
analyses conducted within clades indicated that all lineages have expanded at some 
time in the recent past (Fs, S, and R2; Table 2) (Strobeck 1987; Fu & Li 1993; Fu 1997; 
Ramos-Onsins & Rozas 2002), supporting the vicariance model for between clade 
diversifi cation. Strobeck’s S and AMOVA analyses indicated that sequence variation 
is highly structured (Table 6), and that this structure could not be accounted for by 
IBD (present only in Southern, Figure 3), karyomorph or X confi guration (Table 6). 
Rather, most mtDNA variation appears to be held among collection sites (PhiPT =0.695 
– 0.780, p <0.001, Table 6), suggesting that populations are highly locally structured, 
probably by female philopatry. Results pertaining to each clade will be discussed in turn 
below.
The Southern clade is the most chromosomally diverse clade, including all four 
X confi gurations identifi ed in this species (un-fused X’s (tII), mII, single and double 
chains). This clade is the only one which has an unambiguous signal of IBD, which is 
observed over around 500km (Figure 3). This IBD probably contributed to AMOVA 
results indicating that a signifi cant proportion of the sequence diversity within the 
southern clade (19%) is held between karyomorphs, as well as a large proportion (51%) 
being held between collection sites (Table 6). NCA inferred that contiguous range 
expansion has occurred in one sub-clade (Table 5), which includes individuals from the 
mII, CIIIE, CV+CIII and CVII+CIIIN karyomorphs at the northern edge of the Southern 
clade distribution where it meets the Eastern clade (haplotypes 14, 2-6 in Figure 2). This 
may be the range expansion that allowed secondary contact to occur between clades in 
this area.
Several geographically disjunct and genetically divergent haplotypes have been 
included in the Southern clade:
- one individual from Tasmania (haplotype 23), which appears to have diverged 
before the inundation of the Tasman sea (Hill 2004; McKinnon et al. 2004).
- one individual from Tumbarumba (153), a site that was discussed in the 
previous chapter because it is one of only two localities at which rings of autosomes 
have been found in this species. The colony matriarch and one ring carrying male from 
the same colony were sequenced, and although the female (haplotype 17) is clearly 
part of the Southern clade, the male’s haplotype is highly divergent (haplotype 24). 
This provides support for the hybridization hypothesis proposed in Chapter 2, and 
also supports previous indications that colonies are not always strictly familial groups 
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(Rowell & Avilés 1995; Beavis et al. 2007).
- the Western sub-clade includes haplotypes from Perth (Western Australia, 
haplotype 20), Kangaroo Island (South Australia, haplotype 22) and Forbes (NSW, 
haplotype 21). It is remarkable that the three haplotypes that comprise this sub-clade are 
only differentiated by three mutations (Figure 2, Table 3), given that they are separated 
by the Nullarbor plain and 14 km of ocean, respectively. The aridifi cation of the 
Nullarbor plain, and the sea level rise that separated Kangaroo Island from the mainland 
have been in place for at least 3 million years, and 9,500 years, respectively (Lampert 
1979; Crisp & Cook 2007).
The Eastern clade is less chromosomally diverse than Southern, including only 
single and double chain karyomorphs, and also includes less sequence divergence (Table 
3). AMOVA analysis indicates that population structure is very strong within this clade 
(PhiPT 0.759-0.780, p<0.001), with most sequence diversity held between collection 
sites (76-79%), and very little between karyomorphs (0-2%) (Table 6). However, 
the CVIIS karyomorph occupies a distinct sub-clade with two fi xed differences with 
the remainder of the clade, indicating that differences between karyomorphs can 
exist (Figure 2). No IBD was apparent in this clade, although given the fi ne scale 
of population structure now apparent, this may be due to sampling on too coarse a 
geographic scale (Figure 3 D). NCA analysis inferred that restricted gene fl ow with IBD 
was a feature of the sub-clade which includes individuals from the CIX, CVII+CIIIS, 
CV+CV and CXIX karyomorphs (Table 5, haplotypes 32-36 in Figure 2). This could be 
interpreted as suggestive of some degree of reproductive isolation between single and 
double chain forms within this clade. 
The Northern clade includes two different X fusion confi gurations, mII and 
single chains, which occur in geographically disjunct localities, and form distinct 
sub-clades. That chromosomal confi gurations differ between sub-clades suggests that 
chromosomal fusion saturation occurred since their separation. Due to the limited 
numbers, few analyses could be performed on this interesting clade. 
The single Warren haplotype sequenced from two individuals from the 
CVII+CIIIt karyomorph is highly divergent, with an average of 8.9 – 26% corrected 
pairwise sequence divergence between it and the other clades (Table 3). Very little is 
known about the CVII+CIIIt karyomorph, because it was found at only one site, where 
it was mixed with the CIX+CIII karyomorph in colonies (W(126)) (Sharp & Rowell 
2007). The CIX+CIII karyomorph is also somewhat mysterious, as all three individuals 
sequenced from it yielded only numt sequences, a result that has been replicated by 
other researchers with more individuals (E. Yip, pers. comm.). This area was not 
included in Rowell’s (1990) allozyme survey, and is at the extreme north-west of the 
area sampled for this study. All of these uncertainties make it diffi cult to draw any 
conclusions about these two karyomorphs on the basis of the present data, however a 
link between CVII+CIIIt and CIX+CIII is suggested.
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Perhaps the most surprising result of the analyses conducted within clades 
is that karyomorphs with different X fusion confi gurations are polyphyletic or share 
haplotypes (Figure 2). This contrasts sharply with the tentative conclusion that the 
between-clade divergence is maintained by reproductive isolation related to differences 
in X chromosome fusions between karyomorphs. The simplest explanation for this 
contrast is that the clades had been diverging in allopatry before chromosomal fusion 
saturation, which was followed by secondary contact. X fusion differences between 
clades therefore may have captured an ancient division by preventing introgression at 
secondary contact. Thus, the differences within clades evolved in populations that share 
a much more recent common ancestor, and may not have been present for long enough 
for sequences to coalesce to monophyly. Coalescence is likely to be slow between 
populations with large effective population sizes and strong population structure 
(Maddison 1997; Funk & Omland 2003; Joseph et al. 2006). That haplotype sharing 
occurs only within collection sites, or across entire clade distributions (Figure 2), 
supports this explanation for the structure observed within clades (Omland et al. 2006). 
Therefore, on the basis of the current data, it is not possible to determine whether X 
chromosome fusion differences between karyomorphs within clades result in restricted 
gene fl ow, as they appear to do between clades.
Outgroups
 With respect to the outgroups, the results were mixed. Delena gloriosa appears 
to be the sister group to D. cancerides, and so is plausibly assigned to the Delena genus 
(Figure 1). The D. ‘pumilla’ haplotype, however, appears to be the most distantly related 
huntsman tested, suggesting that it should not be included in the Delena genus. The two 
Eodelena species examined (E. spenceri and E. melanochelis) were sister groups, and 
form a sister clade to the D. cancerides / D. gloriosa group. The taxonomic distinction 
of the two Eodelena species must be called into question, however, due to the paucity of 
genetic differences observed between them (5 mutational steps, see Figure 2). 
D. cancerides is clearly a well supported monophyletic clade, but the fact that it 
contains several well supported clades with a large degree of fi xed sequence divergence 
and strong geographic structure suggests that splitting into several new species is 
warranted (Figures 1 & 2).
Are the clades species?
 When widespread species are found to have strong phylogeographic signal, 
the question of whether the divergent lineages represent different species is largely 
dependent on the species defi nition used (Slade & Moritz 1998). The mtDNA lineages 
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reported here are very highly divergent, much more so than some species groups 
(Omland et al. 2000; Paquin & Hedin 2004), but that divergence appears to be restricted 
to the mitochondrial genome. Allozyme results clearly indicate that nuclear loci are 
relatively undifferentiated (Rowell 1990), and the lack of morphological or behavioral 
variation concur (D. Hirst and L. Rayor, pers. comm.). It is likely that separation 
of the lineages was too brief for nuclear markers to diverge substantially, and that 
introgression mediated by males has homogenized allele frequencies since secondary 
contact.
 D. cancerides is a particularly challenging system because several of the 
karyomorphs may have a hybrid origin (Rowell 1990), and reticulate evolution is known 
to interfere with phylogeny reconstruction (Linder & Rieseberg 2004; McKinnon et al. 
2004; Baird 2006). Therefore, I think it best that the Geneological Exclusivity concept 
be used to address the question of species limits in this spider (Avise & Ball 1990; Sites 
& Marshall 2004). This species delineation method uses a consensus tree of multiple 
unlinked genetic markers to uncover common branches, according to coalescent theory. 
This approach is designed specifi cally for systems with reticulation among lineages 
and discordance between marker systems (Avise & Ball 1990; Taylor et al. 2000; Sites 
& Marshall 2004). Under the genealogical exclusivity species concept, D. cancerides 
would  be considered a single species on the basis of the available data.
Conclusion and Evolutionary hypothesis
The following hypothesis for the evolution of this system is proposed:
Ancestral populations of D. cancerides carrying telocentric chromosomes 
were widely distributed across Australia until around the end of the Miocene, when 
range reductions caused by climate change fragmented populations (Kershaw et al. 
2003; Hill 2004). These populations remained essentially allopatric throughout the 
Quaternary, alternating between population expansions and contractions in response 
to climate oscillations. Touch and go contacts may have occurred repeatedly, but are 
unlikely to have resulted in signifi cant gene fl ow (Hewitt 1993). During this time, 
mtDNA COI sequences coalesced to monophyly, and chromosomal fusion saturation 
occurred in most populations. Quaternary climate cycling may have been important in 
the geographic structuring of the karyomorphs. Eventually, one or more of the original 
refugial populations (clades) expanded their range enough for substantial secondary 
contact to occur. The chromosomal differentiation between these lineages (or genetic 
factors associated with it) caused a disproportionate reduction in the fi tness of female 
hybrids, relative to male hybrids. This resulted in high levels of introgression between 
the lineages for nuclear loci, but little or no introgression for mtDNA loci. Karyomorphs 
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at the leading edge of the advancing populations at secondary contact that were able 
to interbreed freely may have been over-run by mtDNA introgression, pushing clade 
boundaries back to karyomorph boundaries with X fusion differences. The lack of 
reproductive isolation acting on male hybrids allowed the lineages to fuse into one 
contiguous population freely exchanging nuclear genes, whilst still being divided into 
several highly divergent mtDNA lineages due to the lack of female mediated gene fl ow 
between clades.
Similar indications of population separation, divergence, contact and partial 
re-merger have been found in several studies on American salamanders of the genus 
Batrachoseps (Mead et al. 2001; Jockusch & Wake 2002; Martínez-Solano et al. 
2007). This group is known to have mostly male-mediated dispersal, whilst females are 
generally highly philopatric. These factors can result in exclusively mtDNA divergence 
if there is a period of vicariance during which the faster evolving mtDNA becomes 
sorted according to lineages, and a sustained period of secondary contact afterwards 
during which the more mobile nuclear loci can approach equilibrium. Similar discordant 
patterns have also been found in several social mammals such as macaques (Hoelzer 
et al. 1994; Hoelzer 1997), bats (Wilmer et al. 1994), and jackals (Wayne et al. 1990). 
However, it should be noted that although these species have comparable patterns, the 
observed divergence is not on the same geographic or time scale as that found in D. 
cancerides.
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Appendix 1 Allozyme allele frequencies for the six most variable loci adapted from Rowell (1990), sorted by 
karyomorph, sample size in brackets. (a) AAT 1, (b) aldolase, (c) fumarate, (d) IDH1, (e) MDH 1 and (f) PGD.
(d)
(e)
(f)
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Appendix 2 Sequenced individuals and haplotype numbers.
  Collection Site Individual Sex Karyomorph Haplotype number Clade
  Gembrook (1) Vic
2.1 F 1
Southern
3.1 M tII 7
  Khancoban (24) NSW
1.3 M tII 18
2.1 F 19
  Cann River (42) VIC
1.3 M tII 16
1.1 F 16
  H Tasmania 60255 tII 23
  Kerrisdale (28) Vic
2.2 M mII 9
3.1 F 15
  Moyston (33) VIC
2.1 M mII 8
3.1 F 8
  Boorowa (80) NSW
1.1 M mII 4
2.1 F 4
  Buckland (102) VIC
3.1.2 M mII 10
1.1.1 F 10
  Tumbarumba (153) NSW
1.2 M mII 24
1.1 F 17
  D Kangaroo Island SA 1 mII 22
  Bright (39) VIC
3.4 M RXVI 12
2.1 F 13
  Narromine (90) NSW
2.1 M CV+CIII 3
4.1 F 3
  Forbes (93) NSW
4.2 M CV+CIII 21
2.1 F 21
  Dubbo (65) NSW
1.1 M CVII+CIIIN 11
2.1 F 14
  Gilgandra (118) NSW
5.10 M CVII+CIIIN 2
8.1 F 2
  Canowindra (68) NSW
3.1 M CIIIE 6
4.1 F 4
  Eugowra (155) NSW
1.5 M CIIIE 5
2.1 F 4
  D Perth WA 5 F CIIIW 20
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  Quirindi (59) NSW
3.7 M CV 37
Eastern
2.3.1 F 47
  Orange (86) NSW
2.2 M CV 28
3.2 F 28
  Black Springs (112) NSW
9.6 M CV 48
6.8 F 42
  D Glencoe NSW 7 J CV 29
  Parkes (71) NSW
5.3 M CVIIS 25
2.3 F 26
  Orange (86) NSW 4.3 M CVIIS 27
  Walumla (18) NSW 1.1 M CIX 41
  Abercrombie River (53) NSW
3.1 M CIX 43
1.1 F 43
  Roslyn (77) NSW
1.1 M CIX 30
4.1 F 33
  Towamba River (106) NSW
3.1.2 M CIX 32
9.1 F 31
  D Raymond Terrace 1 M CIX 38
  Oberon (54) NSW
2.1 M CXIII 39
2.2 F 40
  Black Springs (112) NSW 3.3.1 M CXIII 42
  Trunkey (84) NSW
3.1 M CXIX 42
1.1 M CXIX 44
  Barry (85) NSW
1.2 M CXIX 35
2.1 F 5
  Alfred (46) VIC
1.2 M CV+CV 46
1.1 F 46
  Wingan River (15) VIC
2.1 M CV+CV 42
3.1 M CV+CV 45
  Goat Creek (140) NSW 4.8 F 36
  Genoa (16) Vic
15.1 M CVII+CIIIS 34
5.1 F 32
  Kiah (141) NSW 4.2.1 F 32
  Talbingo (162) NSW
2.1 M mII 55
Northern
3.5 F 56
  Binnaway (122) NSW
1.1 M CV 49
9.1 F 50
  Premer (61) NSW
2.3 M CVIIN 54
1.1 F 53
  Baradine (62) NSW
1.1 M CVIIN 51
3.1 F 52
  Warren (126) NSW
1.3 M CVII+CIIIt 57
Warren
3.9 F 57
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For collection site details, see Chapters 1 & 2. Sites with “D” prefi x collected by David Rowell. Sites with “H” prefi x 
supplied by David Hirst of the South Australian Museum.
Appendix 3 Outgroup specimens.
Collections with “H” prefi x supplied by David Hirst of the South Australian Museum.
Appendix 4 Nucleotide sequence of mtDNA COI from D. cancerides and outgroups.
Collected from Individual Species Haplotype number
H WA 60244 Delena Pumilla 64
H NSW 6953 Delena gloriosa 65
H  Morwell, Vic 9511 Eodelena melanochelis 62
H Tasmania 9506 Eodelena spenceri 63
NSW O. punct Olios punctata 66
NSW H.i.N Holconia insignis 67
Vic H.i.S Holconia insignis 67
NSW O. sp? Olios sp? 68
Haplotype 
no.
Nucleotide sequence
Individual 
identifi er
  Southern
1
GCTGAATTAGGTCAATGTGGAAGTTTATTAGGGGATGATCATTTATATAATGTAATTGTTACAGCTCATG
CATTTGTAATAATTTTTTTTATAGTTATACCAATTATAATTGGTGGGTTTGGGAACTGATTAGTCCCATT
AATATTAGGAGCTCCTGATATAGCTTTTCCTCGAATAAATAATTTAAGTTTTTGATTATTACCTCCTTCA
G(1)2.1
TTAATTATATTATTTATTTCTTCAATAGTAGAAATAGGAGTAGGTGCTGGATGAACTGTGTATCCACCTT
TAGCTGGAAGATTAGGACATGCTGGAAGATCTGTAGATTTTGCAATTTTTTCTTTACATTTAGCTGGAGC
TTCTTCAATTATAGGGGCTATTAATTTTATTTCGACTGTAATTAATATACGTTCTCCTGGAATAACAATA
GAAAAAGTTCCGTTATTTGTATGATCTGTATTGATTACAGCTATTTTACTTTTATTATCATTGCCTGTGT
TAGCGGGTGCTATTACTATATTATTAACTG
2
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .G . . . . . . . . . .
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .A . .T . . . . . . . .T . . . . .
G . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .C . . . . . .
G(118)8.1, 
G(118)5.10
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .G . . . . . . . . .
 . . . . . . . . . . .A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .A . . . . . . .
 . . . .A . . . . . . . . . . . . . . . . . . . . . . . . .
  Quambone (127) NSW
10.3 M CIX+CIII 60
numts
9.1 F 58
  Gulargambone (63) NSW 8.1 F 59
  Kiah (141) NSW 3.5 M CVII+CIIIS 61
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 . . . .A . . . . . . . . . . . . . . . . . . . . . . . . .
7
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G(1)3.1
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .T . . . . . . . . . . . . . . . . . . . . . . . . . . . . .A . . . . . . . . . .
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .A . . . . . . .
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8
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“If chromosomes are no more than suitcases for genes...”
(Marchant & Shaw 1993)
Chapter 4
Cryptic diversity, partial reproductive isolation, and 
staggered clines; hybridization experiments among the 
karyomorphs of Delena cancerides.
Abstract
Delena cancerides is known to be extremely chromosomally variable, yet very 
little is known about how the various karyomorphs evolved, or how they interact. 
Hybridization experiments among the karyomorphs have revealed cryptic diversity in 
the metacentric bivalents karyomorph (mII). mII was found to be comprised of up to 
six distinct karyomorphs, each being homozygous for different Robertsonian fusions. 
A hybrid zone between two of these new mII karyomorphs appears to have a very 
unusual structure, as a third more widely distributed mII type is found at the centre of 
the zone. Several hybrid zones between chain carrying karyomorphs are also unusual, 
as they appear to have non-coincident clines for sex-specifi c sets of fusions. This is 
due to the presence of a recombinant population in between the staggered clines. Cline 
separation may be due to stochastic processes because the distribution of this species 
is highly patchy; however, several lines of evidence suggest that these clines have 
become staggered due to selection against hybrid females and one of the reciprocal 
hybrid male types. Analysis of the fertility data has revealed that genetic reproductive 
isolation mechanisms are an important feature of hybrid zones between karyomorphs 
of this species, although recombination pattern differences and malsegregation 
may also be important. These fi ndings suggest that this species may make a highly 
informative model organism for resolving the long standing debate regarding the role of 
chromosomal change in the speciation process.
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Introduction
 The fundamental mechanisms of organismal speciation have been the focus of 
considerable research effort over the years  (White 1978; Sites & Moritz 1987; Hewitt 
2001; Turelli et al. 2001; Coyne & Orr 2004). The principal diffi culty of investigating 
speciation is that it is such a slow process that it cannot be studied directly. For this 
reason, con-specifi c populations which are in the early stages of the process, and 
specifi cally hybrid zones between such populations, can provide valuable information 
regarding the causes of cladogenesis (Barton & Hewitt 1985; 1989). Hybrid zones 
between divergent populations can be wide neutral contact zones, but if there is partial 
post-zygotic reproductive isolation (RI) present between the populations then a tension 
zone will develop. Tension zones are maintained by the balance between selection 
against hybrids and migration into the zone (Barton & Hewitt 1985). Although partial 
RI is one of the fi rst steps towards cladogenesis, not all tension zones will yield fully 
isolated species. Hybrid zone modifi cation in the form of staggered clines for different 
loci or chromosomes is thought to ameliorate RI by reducing the occurrence of the 
least fi t hybrid types. Such modifi cation can increase gene fl ow through the zone, 
and may allow the divergent populations to coexist indefi nitely without progressing 
towards speciation. Zones which have become stabilized in this way can inform our 
understanding of when cladogenesis does, and critically, when it does not happen, 
although relatively few such zones have been investigated (Barton 1993; Searle 1993; 
Virdee & Hewitt 1994; Butlin 1998; Piálek et al. 2001).
 This chapter investigates several putative cases of staggered clines in hybrid 
zones between chromosomally differentiated populations of a huntsman spider. Given 
the recent resurgence of interest in the role of chromosomal change in the speciation 
process, the history and current directions of this fi eld will be reviewed briefl y. The 
results from this hybridization experiment will be presented and discussed in two parts: 
crosses among structurally homozygous mII karyomorphs, and crosses among fi xed 
heterozygous chain carrying karyomorphs. This division is in place to reduce confusion 
as the interpretation of hybrid chromosomal confi gurations is fundamentally different 
for these two systems. However, as both parts are derived from the same experiment 
and relate to the same body of theory, they are presented in the same chapter to avoid 
repetition.
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Mechanisms of Reproductive Isolation
 RI can result from several different mechanisms, including pre-zygotic RI 
mechanisms such as mate choice, however most speciation models rely on post-
zygotic RI mechanisms to initiate the speciation process. Post-zygotic RI mechanisms 
can evolve under allopatric or parapatric conditions, and can evolve slowly in the 
absence of differential selection (Futuyma & Mayer 1980; Johnson & Porter 2000; 
Turelli et al. 2001; McAllister et al. 2008). Two post-zygotic RI  mechanisms are 
generally recognized: structural chromosomal differences resulting in malsegregation 
in hybrids (King 1993), and genetic differences between populations, including allelic 
incompatibilities (Orr 1995; Turelli & Orr 1995; Orr 1996, 1997; Wu 2001; Coyne & 
Orr 2004), and recombination pattern differences disrupting co-adapted gene complexes 
(Coates & Shaw 1982; Shaw et al. 1982).
 Chromosomal speciation, as it was fi rst envisaged, depended on chromosomal 
rearrangements causing malsegregation and germ cell death in structurally heterozygous 
hybrids (White 1978; Lande 1979; King 1993). Negative heterosis is a common 
feature of many types of chromosomal rearrangement, and many species differ in the 
number or shape of their chromosomes when compared to their closest relatives (King 
1993; Navarro & Barton 2003a). However, there are many theoretical diffi culties 
with chromosomal speciation, particularly the paradox of how negatively heterotic 
rearrangements become fi xed in populations, and there has been much controversy 
about its importance (Templeton 1981; Sites & Moritz 1987; Rieseberg 2001; Ayala & 
Coluzzi 2005).
 Perhaps the best supported model of chromosomal speciation is Speciation by 
Monobrachial Centric Fusions (SMCF, see Baker & Bickham 1986; Sharp & Rowell 
2007), which focuses on populations that have diverged by a number of Robertsonian 
fusions with single arm or monobrachial homology. Such fusions are not usually 
strongly negatively heterotic, so they may become fi xed relatively easily by drift 
in isolated populations (Lande 1979; Chesser & Baker 1986;  but see Wyttenbach 
& Hausser 1996). In F1 hybrids, such fusions cause the formation of chromosome 
multiples (chains or rings), which often fail to segregate at meiosis in a balanced 
fashion, resulting in reduced F1 fertility. Malsegregation rates of chromosome multiples 
are often proportional to the size of the multiple (Gropp & Winking 1981; King 1993). 
An extensive body of literature exists examining chromosome multiples that occur in 
hybrid zones, and most multiples do appear to reduce fertility (for review see King 
1993). However, the degree of fertility reduction due to malsegregation is frequently 
insuffi cient to explain the dynamics of tension zones, suggesting that other processes 
contribute to hybrid dysfunction (Porter & Sites 1987; Mercer et al. 1992; Searle 
1993; Lugon-Moulin et al. 1996; Morgan-Richards & Wallis 2003). This suggests that 
chromosomal speciation sensu stricto may be rare, and that other models incorporating 
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genetic isolation mechanisms may be more relevant. This is likely to be especially true 
in animals (Coyne & Orr 2004; Ayala & Coluzzi 2005).
 In contradiction of the SMCF theory, several plants and animals carry large 
chromosome multiples as a fi xed heterozygosity, with little or no apparent reduction in 
fertility (eg; platypus (Grüetzner et al. 2004; Grüetzner et al. 2006), Oenothera (Cleland 
1972), and centipedes (Ogawa 1954)). These groups may have had innate segregation 
capabilities, although this may also be a selectable character (Thompson 1956; 
Lawrence 1958; Sun & Rees 1967; Peters 1982; Hejnowicz & Feldman 2000; Grüetzner 
et al. 2006). Lineages with the capability to segregate multiples accurately often include 
several species, races or karyomorphs that carry different chromosome multiples (eg; 
termites (Luykx & Syren 1979; Syren & Luykx 1981), and the fl owering plant Isotoma 
petraea (James 1965; Bussell et al. 2002)). How these populations interact is largely 
unknown, despite the potential of such systems to inform speciation theory.
 Chromosomal rearrangements alter recombination patterns and frequencies 
(Bidau & Marti 2002, 2005), and genomes tend to adapt to recombination regimes 
(Hillers & Villeneuve 2003), but hybridization between chromosomally differentiated 
populations can cause recombination to occur in novel areas of the genome (Shaw 
& Wilkinson 1980; Bidau et al. 2001). This causes disruption of co-adapted gene 
complexes, potentially resulting in reduced viability of the F2 generation. For example, 
in Caledia captiva, multiple rearrangements differentiate the Moreton and Torresian 
races, and recombination patterns in hybrids appear to be the primary cause of RI 
(Moran 1981; Coates & Shaw 1982; Shaw et al. 1982).
 Another consequence of the changes in recombination patterns described 
above is that within populations, sections of chromosome become protected from 
recombination. This extends linkage blocks, and promotes linkage of chromosomal 
rearrangements and genetic RI loci  (Trickett & Butlin 1994; Noor et al. 2001; 
Rieseberg 2001; Coluzzi et al. 2002; Machado et al. 2002; Ayala & Coluzzi 2005). The 
Bateson-Dobzhansky-Muller (BDM) model of genetic incompatibility provides a robust 
explanation for speciation in many groups, with or without chromosomal differences 
(Coyne & Orr 2004). The BDM model focuses on epistatic interactions between loci, 
where alleles that have become fi xed via neutral or selective processes within their 
respective populations are incompatible in hybrids (Dobzhansky 1936; Muller 1942; 
Turelli & Orr 1995; Orr 1996, 1997). Each interacting group of loci is seen as having 
small individual effects; so many are thought to be involved in most systems (eg; 
around 55 in Bombina toads (Szymura & Barton 1986, 1991), and 150 in Podisma 
pedestris (Barton & Hewitt 1981b)). Such loci may accumulate preferentially on X 
chromosomes, which is supported by the observation that sex chromosomes in many 
hybrid zones have narrower  clines than autosomes (Coyne & Orr 1989; Payseur et al. 
2004; Macholán et al. 2007; Masly & Presgraves 2007; Qvarnström & Bailey 2009). 
Genetic differences between populations are expected to reduce the viability or fertility 
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of the F1 generation due to heterozygosity for incompatible alleles. If this effect is 
more noticeable in either sex, it is generally the heterogametic sex, because the loci are 
thought to be predominantly recessive (Haldane 1922; Coyne & Orr 1989; Orr 1993, 
1995; Turelli & Orr 1995; Orr 1996, 1997).
 Unfortunately, much of the long-standing debate between proponents of 
chromosomal and genetic RI mechanisms has been phrased in terms of one model 
versus another. Relatively few researchers have examined interactions among the 
above mechanisms of RI, although several systems are likely to have more than one 
mechanism active. For example, genetic and recombination differences are important in 
a Podisma pedestris hybrid zone (Barton & Hewitt 1981b), recombination differences 
combine with malsegregation in Sceloporus grammicus (Reed et al. 1995a, 1995b; Reed 
& Sites 1995), and genetic mechanisms complement malsegregation in mice (Chatti et 
al. 2005), and shrews (Lugon-Moulin et al. 1996).
 Genetic isolation mechanisms are more effective if they are associated with 
chromosomal rearrangements (Noor et al. 2001; Kandul et al. 2007). Selection against 
an isolation locus in a chromosomal segment that is regularly recombined will impede 
the introgression of loci in a very small section of the surrounding chromosome. 
However, Rieseberg and others (Rieseberg et al. 1995; Ungerer et al. 1998; Rieseberg 
2001) demonstrated that the association of an isolation locus with a chromosomal 
rearrangement which changed recombination patterns could expand the segment 
of chromosome that was protected from introgression by the locus. The larger the 
chromosomal region that is protected, the greater the chances become that neutral or 
selective divergence will accumulate in the protected segments, potentially leading 
to new incompatibilities (Trickett & Butlin 1994). Each added incompatibility locus 
would extend and strengthen the protection from introgression, leading to a snowballing 
accumulation of loci and a concomitant increase in RI potentially resulting in speciation. 
Thus, chromosomal differences between populations can facilitate genetic divergence 
and RI (Orr 1995; Navarro & Barton 2003a, 2003b; Coyne & Orr 2004; McAllister et 
al. 2008).
 The predictions of this recombination based model of chromosomal speciation 
are that where populations are parapatric, there should be greater sequence divergence 
around chromosomal rearrangements that change recombination patterns than in co-
linear chromosomes. Allopatric populations are expected to show no such association. 
This sequence divergence should include RI loci as well as positively selected alleles 
that have been prevented from introgressing between populations. A number of 
species groups have been found that fi t this pattern (Noor et al. 2001; Coluzzi et al. 
2002; Machado et al. 2002; Ortίz-Barrientos et al. 2002; Feder et al. 2003; Brown et 
al. 2004; Coyne & Orr 2004; Ayala & Coluzzi 2005; Feder et al. 2005; Stump et al. 
2005a; Stump et al. 2005b; Turner et al. 2005; Machado et al. 2007; Noor et al. 2007). 
117
Although most of these examples discuss inversions, the expectations are similar for the 
region proximal to the centromere of Robertsonian fusions, and similar patterns have 
been found in house mice which differ my several such fusions (Panithanarak et al. 
2004). Furthermore, monobrachial or segmental homology of several rearrangements 
is likely to extend linkage across several chromosomes that are not physically linked 
if chiasmata generally occur distal to the centromere, as observed in Isotoma petraea 
(James 1965; Bussell et al. 2002), and also D. cancerides (Rowell 1991). Despite 
the potential for chromosomal regions with reduced recombination to accumulate 
progressively greater numbers of RI loci, which is expected to result in speciation, not 
all tension zones produce new species. In the early stages of divergence, tension zones 
are highly susceptible to having the clines for different markers disassociated such that 
they become staggered in a process known as zonal raciation (Barton & Bengtsson 
1986; Searle 1993).
Zonal Raciation
 Tension zones are expected to have broadly coincident clines for the various 
markers that differentiate the hybridizing populations (Figure 1 A), and hybrids are 
expected to have reduced fi tness (Barton & Hewitt 1985). However, tension zones can 
become modifi ed in a number of ways that can increase or decrease gene fl ow across 
the zone. Modifi cation by reinforcement, for example, can result in reduced gene fl ow 
and speciation of the hybridizing populations (Liou & Price 1994; Noor 1999; Hoskin 
et al. 2005). The form of modifi cation that populations in the early stages of divergence 
are most unstable to is zonal raciation, which results in increased gene fl ow through 
the zone (Barton & Bengtsson 1986; Searle 1993). For zonal raciation to occur there 
must be variation among the hybrids for fi tness and chromosomal confi guration or 
allelic combination. Selection against the least fi t hybrid types results in selection for 
movement of the clines such that fewer of these hybrid types are produced (Searle 
1993). This process can result in a number of patterns which appear to represent stable 
states in which tension zones may remain indefi nitely without progressing towards 
speciation.
 Because zonal raciation must be tailored to meet the specifi c characteristics 
of the organisms, and the mechanisms of reproductive isolation involved in a hybrid 
zone, many idiosyncratic modifi cations exist (Hauber & Bloom 1983; Searle 1990; 
Butlin et al. 1991; Barton 1993; Parsons et al. 1993; Searle 1993; Virdee & Hewitt 
1994; Reed et al. 1995b; Butlin 1998; Gorlov & Tsurusaki 2000; Wójcik et al. 2002; 
Kontula & Väinölä 2004; Piálek et al. 2005). In many of the above hybrid zones, 
novel rearrangements are found at a high frequency in the centre of the zone. Hybrid 
dysgenesis can cause increased mutation rates in hybrid zones (Barton & Hewitt 1985; 
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Dowling & Secor 1997; Seehausen 2004; Piálek et al. 2005), and new mutations will 
be selected for if they can be combined with either parental form to produce hybrids 
that are fi tter than those heterozygous for the parental markers (Hauber & Bloom 1983; 
Searle 1993). An excellent example of this is the acrocentric peak observed in some 
mouse and shrew hybrid zones, where acrocentric chromosomes that are homologous 
to population specifi c metacentrics are common at the centre of the zone, allowing the 
frequency of the population specifi c metacentrics to cross at below 50% (Figures 1 B) 
(Britton-Davidian et al. 2002; Wójcik et al. 2002). This modifi cation results in fewer 
highly unfi t multiple carrying hybrids being produced, and consequently gene fl ow 
across the zone is increased.
 A similar modifi cation is a recombinant peak, where clines for population 
specifi c markers cross at over 50% frequency. This is due to the presence of a 
population at the centre of the zone in which a high proportion of individuals carry 
population specifi c markers from both parental populations (Figure 1 C) (Lyapunova 
et al. 1980; Wójcik et al. 2002). For example, in a hybrid zone where malsegregation 
of chromosome multiples causes infertility in hybrids, and F1 individuals carry two 
multiples, then a recombinant population may form which produces one of those 
multiples in hybrids with each parental population. Such zones have been observed in 
mice (Hauffe & Searle 1993; Piálek et al. 2001; Hauffe et al. 2004) and shrews (Searle 
et al. 1990; Fedyk et al. 1991; Searle 1993; Wójcik et al. 2002).
 When several unlinked markers are present which interact to reduce hybrid 
fi tness, clines can become staggered such that a series of recombinant populations is 
produced. Each homozygous population is separated by one (or a few) clines that cause 
little reduction in fi tness (Figure 1 D). This hybrid zone structure has been observed 
in opiliones (Gorlov & Tsurusaki 2000) as well as a range of other organisms (Snow 
1960; Bloom & Lewis 1972; Hauber & Bloom 1983; Hauffe & Searle 1993; Searle 
1993; Hauffe & Piálek 1997; Gündüz et al. 2001; Piálek et al. 2001; Wójcik et al. 2002; 
Kontula & Väinölä 2004). The important point about all forms of zonal raciation is that 
the staggered clines cause less reduction in fi tness, and therefore less of a barrier to gene 
fl ow, than the original concordant clines.
 Some degree of epistatic fi tness interaction appears to be necessary to provide 
the impetus for zonal raciation to occur by selective processes (Searle 1993; Piálek et 
al. 2001). In general, clines have the potential to become staggered if the forces holding 
them together are weaker than those pulling them apart. The hybrid sink effect is a 
cohesive force, because it makes gene fl ow mostly move from the parental populations 
into the centre of the zone (Barton & Hewitt 1985; Barton 1986; Searle 1993). Strong 
epistatic interactions also hold clines together (Slatkin 1973); however if selection 
against hybrids is not strong, epistasis may cause clines to become staggered (Barton 
& Bengtsson 1986; Barton & Shpak 2000). Simulation studies have shown that a 
recombinant peak can be produced with low to moderate hybrid unfi tness if fi tness 
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interactions are epistatic. High hybrid unfi tness is required if interactions are additive. 
The same simulation indicated that simultaneous colonization of vacant habitat may 
also increase the chances of a recombinant peak being produced (Piálek et al. 2001), see 
also (Hatfi eld et al. 1992; Dowling & Secor 1997; Barton & Shpak 2000).
 Therefore, the separation of clines in a tension zone has two rather interesting 
consequences: new homozygous populations are produced, and gene fl ow is increased 
through the zone. The production of homozygous populations within a hybrid zone is 
very similar to recombinatorial speciation (Templeton 1981; Searle 1993; Rieseberg et 
al. 1995; Ungerer et al. 1998; Rieseberg 2001). This reticulate evolution may help to 
explain the high levels of diversity and complexity observed in many chromosomally 
variable groups. Additionally, staggering of clines may help to maintain species 
continuity by facilitating increased gene fl ow through tension zones. Therefore, this is 
a mechanism which can subvert the early stages of cladogenesis into the production 
of con-specifi c races or karyomorphs connected by stable hybrid zones. Traditionally, 
many researchers thought of divergent populations as progressing inexorably towards 
speciation (King 1993). Now that a mechanism has been described that can halt this 
progression, a plethora of polytypic species require re-examination. Foremost among 
these are species with chromosomal variation, as they possess the requisite starting 
conditions for a broader range of models of speciation.
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Fig. 1 Illustration of tension zone modifi cation
(a) An unmodifi ed zone. Note the coincidence of the clines, and that they cross at around 50% frequency.
(b) Acrocentric peak. The presence of acrocentric chromosomes at the zone centre displaces the parental clines so 
they cross at less than 50%.
(c) Recombinant peak. The presence of a recombinant population at the zone centre displaces the parental clines so 
they cross at greater than 50%.
(d) Staggered clines. The clines for different population-specifi c markers become staggered, resulting in a series of 
recombinant populations.
(a)
(b)
(c)
(d)
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The study species, Delena cancerides
 The Huntsman spider Delena cancerides includes many chromosomally 
differentiated populations (known as karyomorphs). Karyomorphs exist which carry 
the putative ancestral confi guration of twenty telocentric autosomal pairs and three 
telocentric X’s (tII), and others are saturated with homozygous fusions which form 
ten metacentric pairs (mII). In addition, many karyomorphs carry fi xed sex-linked 
chains of chromosomes at male meiosis (Sharp & Rowell 2007). Identical chains are 
carried by every male within a karyomorph, but chains differ greatly in length and 
confi guration of the X’s between karyomorphs. Fourteen chain carrying karyomorphs 
are presently known, with chain length varying from three to nineteen chromosomes 
of a possible twenty two. Six of these karyomorphs carry two separate sex linked 
chains, which are thought to segregate as a single multiple. The fundamental difference 
between mII, single chain and double chain karyomorphs is the fusion confi guration 
of the X chromosomes. However, there are clearly other differences related to these 
chromosomal confi gurations, such as recombination pattern differences.
 Rowell (1991) found that recombination patterns are different in the various 
karyomorphs of D. cancerides. In the putatively ancestral tII populations, recombination 
occurred mostly close to the centromere (73% proximal (P), 20% interstitial (I), 7 % 
distal (D) chiasmata in the Victorian tII). Recombination in mII occurred signifi cantly 
further away from the centromere (56% P, 31% I, 13% D chiasmata). In chain carrying 
karyomorphs recombination was highly signifi cantly further from the centromere on 
chromosomes in the chain relative to those not in the chain. For example, chromosomes 
that are part of the chain of nine (CIX) had 21% P, 34% I, and 45% D chiasmata 
compared to 41% P, 25 % I, 34% D chiasmata for bivalents in the same population. 
Interestingly, the bivalents observed in chain carrying karyomorphs have signifi cantly 
different (more distal chiasmata) patterns than those in the mII karyomorph. Also, at 
one position in CIX, recombination appears to always be distal (Rowell 1991). What 
all this means is that in fusion saturated populations, recombination patterns throughout 
the genome have changed. Crossing over is more frequent in interstitial and distal 
regions and less frequent in the region proximal to the centromere. This could disrupt 
co-adapted gene complexes in distal regions, and create new ones in proximal regions. 
Indeed, the usually autosomal aldolase allozyme locus was found to be sex-linked 
in the CIX karyomorph, but not in CV (Rowell 1990). Although the karyomorphs of 
this species are largely parapatric, there are small areas of overlap and indications of 
hybridization (Hancock & Rowell 1995; Sharp & Rowell 2007).
 Only one hybrid zone in this species has previously been investigated, between a 
tII population, and one carrying a (CIX) (Rowell 1985, 1987; Hancock & Rowell 1995). 
When the data from these studies are combined, a narrow hybrid zone of complex shape 
appears to follow the terrain directly through the city of Canberra. Although fi fteen 
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later generation hybrid individuals have been found at eight separate sites, F1 hybrids 
were not found. Although not interpreted as such by the authors, this zone appears 
to be a tension zone because it is narrow (less than 10km), and follows poor habitat 
(Pers. Obs.). It is notable that no populations were found in which the X chromosome 
confi gurations from the parental populations co-occur, although one singleton male 
was found to carry X’s from both populations. This suggests that the sex chromosome 
cline is narrower than the cline for autosomes. F1 hybrids in this zone appear to be rare 
but fertile. Given that such individuals would carry multiple trivalents, and one of the 
parental populations regularly segregates a chain of nine, isolation mechanisms other 
than malsegregation are indicated. Contact zones between karyomorphs of this species 
are mostly in areas of sub-optimal habitat, consistent with tension zone dynamics 
in hybrid zones generally. Therefore, D. cancerides is an ideal species in which to 
investigate the interaction of chromosome multiples and genetic isolation mechanisms.
 The aim of this chapter is to investigate the relationships between the various 
karyomorphs of D. cancerides. How did so much chromosomal diversity evolve, and 
how do karyomorphs interact presently? Is there cryptic diversity present? Are there any 
indications of RI between karyomorphs? If so, what is the mechanism responsible? Did 
fusion saturation occur independently in each karyomorph, or are fusions shared?
For clarity, the term “karyotype” will be used to describe a particular meiotic 
chromosomal confi guration. The term “karyomorph” will be reserved for chromosomal 
confi gurations that have been found fi xed in fi eld populations.
Materials and Methods
Spider Breeding
 Spiders were collected from the fi eld, and juveniles raised in a constant 
temperature room, as described by Sharp and Rowell (2007). Males matured earlier 
than females, and were removed from tubs after the penultimate moult for cytological 
analysis. For cohorts taken from sites targeted for hybridization experiments (see 
Appendix 1), at least three males (preferably six or more) were analysed cytologically. 
If they all carried the same meiotic confi guration, then subsequently maturing 
individuals were considered eligible for use in the hybridization experiments. In order 
to ensure females were virgin, penultimate individuals of either sex were separated 
from their cohort, so that all individuals moulted to maturity in individual tubs. Where 
possible, spiders were excluded from these experiments if they were from collection 
sites at which more than one karyomorph was observed, or few males had been 
analysed; however, this was unavoidable for some karyomorphs (eg, CXIII, see Table 
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2 in Sharp & Rowell 2007). These precautions were taken because only males can be 
analysed cytologically, and they must be sacrifi ced in order to do so. Thus, the only 
indication of an individual’s karyotype prior to mating was that of its male colony-
mates. Moreover, spiderlings appear to be able to move between colonies (Rowell 1990; 
Beavis et al. 2007), so individuals found together in colonies are not necessarily closely 
related.
Where possible, six couples were mated for each of the crosses performed. Crosses 
were set up in a reciprocal design, where approximately equal numbers of male type A x 
female type B, and male type B x female type A were mated. As for previous researchers, 
initial diffi culties were encountered because females generally cannibalized males rather 
than mate with them (D. Rowell and A. Beavis, pers comm.). This problem was overcome 
following advice from L. Rayor, and the following protocol was developed.
Soon after moulting to maturity, females were placed in a standard one-foot fi sh 
tank (or larger) with netting to prevent escape, three separate retreat sites, wet cotton wool, 
and around three weeks’ quota of crickets. 24 hours later the male was introduced, and 
the couple was monitored approximately hourly for eight to ten hours; if mating (which 
took three to four hours) was observed, they were left together for 24 hours in total, and 
if no mating was witnessed, they were left together for a week with excess crickets at all 
times. This protocol ensured that females were habituated to their surroundings and well 
fed when males were introduced, and that males had the opportunity to avoid females if 
necessary.
Unless cannibalized, males were mated with up to fi ve consecutive females before 
being analysed cytologically and preserved. After mating, females were housed in large 
plastic take away food containers (approx 800 mL) until egg sacs were laid and had 
successfully hatched, then females were weighed, killed and preserved. If no spiderlings 
were produced, females were kept for up to one year after mating.
Hatchlings emerged from the egg sac with the mothers’ assistance at the second 
instar (L. Rayor Pers. Comm.), and were counted before being separated into up to three 
tubs for rearing. Thereafter, hybrid juveniles were treated in the same way as wild caught 
juveniles (see Sharp & Rowell 2007). When six males had been analysed cytologically 
from each hybrid cohort, the remaining juveniles were killed unless chosen for use in the 
F2 crosses. Surplus juveniles were dissected until two females had been found, which 
were preserved for future molecular genetic analysis, and the remainders were disposed 
of.
 Crosses were performed among mII populations, among chain carrying 
karyomorphs, and between mII and chain carrying populations. The crosses chosen for 
investigation are described in Appendix 1. Cohorts of spiderlings chosen for F2 crosses 
were raised and bred as described above. F1 crosses 13, 14, 23, 24 and 38 were chosen 
for F2 in-crossing, as were one couple each of a female from cross 10 with a male from 
cross 3, and a female from cross 9 with a male from cross 4.
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 In the F2 crosses that were performed, it was observed that egg sacs which 
appeared viable were consistently failing to produce hatchlings. To investigate this, one 
such sac was opened and found to contain many un-hatched eggs, and two dead fi rst and 
second instar spiderlings. Following this, sacs that were past due to open were manually 
opened to occasionally release small numbers of spiderlings which often had bent legs 
and appeared to be less active than normal. Around three quarters of the total F2 egg 
sacs were opened, and no spiderlings were produced from sacs that weren’t opened 
artifi cially.
Analysis of Fertility Data
 The measures chosen for analysis of the fertility data were intended to 
investigate pre-mating isolation as well as several measures of post-mating isolation, 
focusing on the fertility of crosses, and the early viability of the offspring. The latency 
to mating was analysed using Mann-Whitney U (Wilcoxon rank-sum) tests. The 
proportion of couples that produced at least one egg sac, and the proportion of egg 
sacs that produced hatchlings were analysed using two-sample binomial tests. The 
hatchling production rate (number of hatchlings per successful sac) was analysed using 
two-sample Poisson tests. All tests were implemented in GenStat (version 11, VSN 
International www.vsni.co.uk/software/genstat/).
  The above measures were calculated for several different divisions of the 
data. For the mII system, F1 crosses were divided into those which produced offspring 
carrying the mII confi guration (crosses within mII1) and those carrying rings (crosses 
between mII1 and a different mII form). F1 crosses were also compared to F2 crosses. 
For the chains system, F1 crosses were divided into those between karyomorphs 
with the same X fusion confi guration, and those between karyomorphs with different 
X confi gurations. F1 crosses were also divided into those between karyomorphs in 
the same mtDNA clade, and those between karyomorphs in different clades. For 
this analysis, all clades and sub-clades indicated in Chapter 3 Figure 2 were used. In 
addition, F1 crosses were compared to F2 crosses. All crosses between mII and chains 
systems were included in the chains system analysis, but not the rings system analysis.
 The average number of shared fusions indicated by the various categories of 
cross was investigated by compiling a list of crosses which produced offspring and 
removing replicate crosses, ambiguous results, and crosses within a karyomorph. The 
number of shared and different fusions was calculated for each cross and averaged 
across each category. To be conservative, all chromosomes which could not be assessed 
were assumed to be different.
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Results
 Once the initial diffi culties with cannibalism were overcome, spiders mated 
readily and were often observed to mate almost immediately following introduction, 
and continued to do so for several hours. Egg sacs were laid 2 to 36 weeks after mating, 
were lens-shaped, attached to the substrate, and produced an average of 53 second instar 
hatchlings (Appendix 2). The number of spiderlings emerging from egg sacs did not 
appear to be related to the weight of the female (Figure 2). The one exception to this is 
a paradoxical but weak negative correlation in crosses producing mII offspring, which 
is most likely to represent a statistical anomaly due to limited sample size. Hatchlings 
grew rapidly, penultimate males being present ten to fourteen weeks after emergence 
from the egg sac, and females a month or so later. Relatively few females successfully 
produced offspring; but due to the large number of spiders used at least one cohort of 
spiderlings were raised from 29 of the 39 crosses performed. In seven cases, spiderlings 
from the reciprocal cross were also raised and analysed cytologically (Appendices 2 & 
3).
Fig. 2 Female weight and the number of spiderlings emerging from egg sacs. R2 values are as follows: Crosses 
producing mII offspring (white line)= 0.041; Crosses producing ring carrying offspring (black line) = 0.463; mII 
crossed with chain karyomorph (blue line)= 0.056; Crosses among chain karyomorphs producing karyomorph 
offspring (yellow line)= 0.172; Crosses among chain karyomorphs producing karyotype offspring (red line)= 0.238.
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Part 1
The mII System
 Many of the crosses between mII collection sites (crosses 1-7, Table 1) produced 
F1 males with metacentric bivalents at meiosis (Sharp & Rowell 2007 Figure 2 C). This 
indicates that the parents were homozygous for the same combination of fusions, and 
therefore chromosomally equivalent. These crosses resulted in two groups of collection 
sites (crosses 1-7, Table 1), which are interspersed across large areas (Figure 3 A). 
Treating these results conservatively, this is taken to indicate that spiders at all these 
sites carry the same fusions. This form will be referred to as mII1.
Table 1 Summary of mII crosses. For details see Appendix 2.
Note that for crosses of karyomorphs with similar X chromosome fusions, the sharing of the X fusions could not be 
assessed.
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 Several of the crosses produced hybrid males carrying rings of autosomes, 
indicating that the parents did not share all the same fusions (Figure 4 A - D and crosses 
9-14, Table 1). These results can be summarized as follows:
 - Spiders from Tumbarumba (site number 153) crossed with mII1 produced RIV 
males (cross 9, Table 1). A RIV2 carrying male from T(153) (Chapter 2) was crossed 
with a female from an mII1 site, producing hybrid males with mII and RIV meiotic 
confi gurations. This suggests that the RIV2 karyotype found in the fi eld is the result of 
hybridization between mII1 a different mII form, which will be referred to as mII2
 - mII from Talbingo (162) crossed with mII1 (cross 10) produced hybrid males 
with a ring of eighteen chromosomes (RXVIII, Figure 4 A). The T(162) mII population 
will be referred to as mII3.
 - mII from Mount Beauty (103) crossed with mII1 (cross 11) produced hybrid 
males with a ring of sixteen (RXVI). The MB(103) mII population will be referred to as 
mII4.
 - mII from Eurobin (97) and Porepunkah (98) crossed with mII1 (crosses 12-
14) produced hybrid males with a ring of fourteen (RXIV). The E(97) and P(98) mII 
population will be referred to as mII5.
 Additionally, some crosses between individuals from mII sites and single chain 
sites are informative about variation between the mII sites used (crosses 15-18, Table 1 
and Figure 4 B & C).
 -  CIIIE crossed with Boorowa (154) and Talbingo (162) mII (crosses 15 & 16) 
produced hybrid males with a ring of ten and a ring of four (RX+RIV), and a ring of ten 
and a ring of eight (RX+RVIII), respectively (Figure 4 B & C). As the same CIIIE male 
was used for both crosses, this indicates that the mII forms at B(154) and T(162) must 
be different by at least two bivalents. Given that mII3 from T(162) differs from mII1 by 
nine fusions, B(154) cannot be equivalent to mII1. The B(154) mII population will be 
referred to as mII6.
 - CVIIS crossed with Boorowa (154) and Tumbarumba (153) mII (crosses 17 
& 18) both produced hybrid males with a ring of eighteen (RXVIII) (Figure 4 A). This 
indicates that both these mII populations share one fusion (or one bivalent) with CVIIS. 
This could be interpreted as suggesting that mII6 and mII2 have the same set of fusions; 
however these sites are separated by over 160 km and at least one other form, so this is 
unlikely.
 Finally, one cross between mII populations from Bright (99) and Kiewa (151) 
(cross 8, Table 1) produced male hybrids with a novel karyotype including nine 
metacentric bivalents and a sex linked chain of three chromosomes (Figure 4 D). This 
chain has an X-autosome fusion at each end, and the third X is un-fused. This karyotype 
will be referred to as CIIIx.
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Fig. 3a Overview map showing the location of the new mII karyomorphs. mII1 groups one and two refer to Table 1 
crosses 1-5, 12-14 and crosses 6 and 7.
Fig. 3b Map of the Ovens River Valley showing the approximate presumed distributions of the three mII 
karyomorphs identifi ed in this area.
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Fig. 4 Photos of novel chromosomal confi gurations. X indicates metacentric X-X fusions, x indicates telocentric X 
chromosomes, and X-a indicates X-autosome fusions. (a) RXVIII, (b) RX+RIV, (c) RX+RVIII, (d) CIIIx
 The eleven F2 couples that were mated produced 34 egg sacs, only one of which 
produced a spiderling, which died before reaching adulthood. These results are shown in 
full in Appendix 4.
 The results from the analysis of the fertility data are shown in Table 2 A and B. 
The proportion of egg sacs to produce spiderlings was signifi cantly higher in crosses 
producing mII males than in crosses producing ring carrying males (Table 2 A). 
Furthermore, the proportion of egg sacs that produced hatchlings, and the number of 
hatchlings produced by successful egg sacs were signifi cantly higher in F1 crosses than 
F2 crosses (Table 2 B). This was true irrespective of whether F1 ring producing crosses 
or mII and ring producing crosses were used for the comparison.
(a) (b)
(c) (d)
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Table 2a Comparisons of crosses that produced mII male spiderlings and crosses that produced ring carrying hybrids. 
n=number of couples mated for each category of cross, e=number of egg sacs produced by those couples.
The time to mating was analysed using a Mann-Whitney U test. The proportion of mated couples that produced at 
least one egg sac, and the proportion of egg sacs that produced hatchlings were analysed using two-sample binomial 
tests. The rate of hatchling production was analysed using a two-sample Poisson test.
Table 2b Comparisons of F1 crosses which produced ring carrying males and F2 crosses.
n=number of couples mated for each category of cross, e=number of egg sacs produced by those crosses. The time to 
mating was analysed using a Mann-Whitney U test. The proportion of mated couples that produced at least one egg 
sac, and the proportion of egg sacs that produced hatchlings were analysed using two-sample binomial tests. The rate 
of hatchling production was analysed using a two-sample Poisson test.
Measure mII n=25, e=26 Rings n=29, e=52 Difference 95% CI p-value
Median time to mating (min) 
with 25, 75 percentile 110 (60.. >500) 120 (86.2.. 315) 0.981
Number and proportion of 
females that produced ≥ 1 
eggsac
16 (0.64) 21 (0.72) -0.08 -0.33, 0.17 0.507
Number and proportion of 
egg sacs that produced 
hatchlings
13 (0.50) 10 (0.19) 0.31 0.09, 0.53 0.005
Hatchling production rate 
(hatchlings per successful 
egg sac)
46.00 47.20 -1.20 -4.85, 2.45 0.519
Measure Rings n=29, e=52
mII F2 n=11, 
e=34 Difference 95% CI p-value
Median time to mating (min) 
with 25, 75 percentile 120 (86.2.. 315) 70 (60..150) 0.158
Number and proportion of 
females that produced ≥ 1 
eggsac
21 (0.72) 7 (0.64) 0.09 -0.24, 0.42 0.589
Number and proportion of 
egg sacs that produced 
hatchlings
10 (0.19) 1 (0.03) 0.16 0.04, 0.28 0.027
Hatchling production rate 
(hatchlings per successful 
egg sac)
47.20 1.00 46.20 41.51, 50.89 <<0.001
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Discussion
 During a fi eld survey of the chromosomal diversity in D. cancerides, spiders 
carrying rings of autosomes were found at two localities. In Chapter 2 an hybridization 
hypothesis was proposed to explain this observation, which predicted the existence 
of several mII forms homozygous for different autosomal fusion combinations. The 
hybridization experiments reported here have repeatedly produced autosomal rings by 
crossing mII populations from different areas, providing unequivocal support to this 
hybridization hypothesis. Up to six different mII forms have been identifi ed that carry 
different combinations of autosomal fusions, indicating that such variation may be quite 
common.
 One mII form, referred to as mII1, appears to occupy the majority of the known 
mII distribution, whereas the other forms are found around the edges of this distribution 
in the Great Dividing Range (GDR) (Figure 3). These smaller mII populations, referred 
to as mII2 - mII6, differ from mII1 by between four and eighteen fusions (two to nine 
bivalents). When crossed with mII1, all these forms produce a single autosomal ring 
in hybrids. All but one of these new mII forms has been found as a homozygous 
population (mII2 has only been found as a heterozygote, see Chapter 2).
 In addition to the ring karyotypes and the differentiated mII populations they 
reveal, an entirely new CIIIx karyotype was observed (Figure 4 D). The CIIIx meiotic 
confi guration includes two X-autosome fusions, and the third X is the obligatory un-
fused telocentric chromosome (cross 8, Table 1). This karyotype is unexpected because 
no population within 200km of the Ovens valley (where the parents were caught) carries 
any X-autosome fusions, and no other karyotype of this species is known that carries 
two X-autosome fusions. Single chain forms have one, and double chains have three, 
but mII forms have none.
 That the CIIIx karyotype includes a chain of only three chromosomes means 
that it could be produced from an mII form by a single WART type A rearrangement 
between an autosomal metacentric and the metacentric X (Piálek et al. 2005). Other 
crosses showed that the parental populations (B(99) and K(151)) were predominantly 
mII1 (Table 1). On the basis of the current data, a WART mutation is the most plausible 
explanation for this karyotype. Given that all four male progeny of cross 8 carried the 
same confi guration, this mutation was probably carried by a parent rather than being 
produced de-novo by this cross. That the rearrangement involved the X chromosomes 
indicates that this parent was the mother. The female used in this cross was from site 
B(99), at which only mII spiders were collected. Five male spiders were analysed from 
the colony in which this female was found, and all carried the mII confi guration. It is 
worth noting, however, that this site is situated in the midst of the hybrid zone identifi ed 
in the Ovens Valley (Figure 3 B).
 Hybrid dysgenesis is known to increase the mutation rate of several generations 
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of backcrosses after hybridization (Peters 1982), and is thought to have produced 
WART mutations in other species (Piálek et al. 2005). Thus, it is probable that a 
hybrid dysgenic process is responsible for this novel rearrangement. Note that only 
rearrangements involving the X chromosomes are likely to have been noticed as novel 
in this study, due to the diversity of fusions observed in this area, and the lack of 
chromosome specifi c markers. This means that either this study was extremely lucky, 
or WART mutations may be relatively common, especially in hybrid populations. This 
novel CIIIx karyotype indicates that WART mutations do occur in this species, and may 
be particularly associated with hybrid zones. Hybrid dysgenesis is generally associated 
with reproductive isolation, as most novel mutations are thought to have deleterious 
fi tness effects.
Partial Reproductive Isolation in the mII System
 Analysis of the breeding data has shown that although pre-mating isolation was 
not detectable, partial post-mating RI appears to be present between the different mII 
forms. The general lack of correlation between the number of spiderlings and female 
weight supports this interpretation (Figure 2). Table 2 A shows that a signifi cantly larger 
proportion of egg sacs produced spiderlings in F1 crosses that produced mII offspring 
than those that produced ring carrying hybrids. This is unlikely to refl ect a lack of 
fertility because other measures of fertility did not differ signifi cantly between groups. 
Therefore, these results are interpreted as indicative of very early F1 inviability in ring 
carrying hybrids, which suggests that genetic RI is present.
 The F2 crosses performed failed to produce any viable spiders, although thirty 
four egg sacs were laid (Appendix 4). One live F2 spiderling was removed from an 
egg sac, but it died less than a week later, and is insuffi cient to base any conclusions 
on. This represents a signifi cant reduction in the proportion of egg sacs that hatched 
successfully, and the number of hatchlings produced from those sacs compared to the 
F1 crosses (Table 2 B). These results could be interpreted as a lack of fertility in the F1 
individuals, or a lack of viability in the F2 spiderlings. Fertility reduction seems more 
parsimonious, but given the very early F1 inviability, early F2 inviability is plausible. 
These results suggest that contacts between the different mII forms are generally tension 
zones, particularly the Ovens Valley hybrid zone from which the spiders used for the F2 
crosses originated.
  Although genetic incompatibilities are suffi cient to explain the observations, 
recombination pattern differences and malsegregation may also be involved in the 
partial RI of the different mII forms. Recombination in rings is likely to be disrupted 
relative to bivalents. Theoretical expectations especially suggest that malsegregation 
and germ cell death are likely to be important in these hybrid zones (Baker & Bickham 
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1986; King 1993). In the mII system, pure populations carry only bivalents, so 
adaptations for the accurate segregation of multiples are unlikely to be present. Rings 
of fourteen chromosomes generally result in high frequencies of malsegregation in 
most other species (King 1993). Males and females are expected to carry the ring, and 
segregation success rate may vary between the sexes (Gropp & Winking 1981; Munné 
et al. 2000). Backcrosses are required in future experiments to untangle male and 
female effects. Thus, malsegregation is a highly plausible explanation of these results 
if fertility was compromised in F1 hybrids. Unfortunately, insuffi cient Telophase I 
cells were suitably clear to yield accurate chromosome counts with which to assess this 
mechanism.
 Another way to investigate RI mechanisms is by examining the structure of 
hybrid zones. The Ovens Valley is the only hybrid zone between mII forms which has 
been intensively sampled to date, so the structure of this zone may be informative.
The Ovens Valley Hybrid Zone
 Although it is clear that the rings observed in the Ovens Valley are produced by 
hybridization, the location of the divergent populations is surprising. The distribution of 
karyotypes observed in the fi eld suggested that a widespread mII form was hybridizing 
with a different mII form resident in the top of the valley (Chapter 2). This model 
predicts that a cross between mII individuals from opposite ends of the valley should 
produce ring carrying hybrids. This was not the case, as sites at either end of the valley, 
as well as one from the centre of the hybrid zone all appear to carry mII1 (crosses 1-3, 
5, 8. Table 1). The two largest rings found in the fi eld were produced, however, by 
crossing individuals from these sites with spiders from further down the valley around 
Mt Buffalo (collection sites E(97) and P(98), RXIV, mII5), and a site near Mt Beauty 
at the top of the adjoining Kiewa Valley (MB(103), RXVI, mII4). Therefore, the Ovens 
Valley hybrid zone is probably a three way contact in which mII1 is present at high 
frequencies in the hybrid zone between mII5 and mII4. This fi ts the three population 
model proposed in chapter 2, and means that the estimated width of the zone (9.5km) is 
incorrect. This result indicates that this hybrid zone must continue beyond B(99), and 
that there must be another undetected hybrid zone at the mouth of the valley, possibly 
between sites G(37) and E(97) (Figure 3 A & B).
 The geographic proximity of these three different mII forms is striking, as the 
mII1 distribution appears to be intertwined with a hybrid zone between two other mII 
forms. It is possible that this is a three-way juncture of mII1, mII4 and mII5, however 
mII1 is also found in the Kiewa, Buckland and Wandiligong Valleys. Given the 
distribution of habitat and karyotypes in the fi eld (Figure 3 B, Chapter 2 Figure 2 B and 
pers. obs.), the most plausible explanation is that the mII1 form occupies a narrow strip 
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in between the other mII forms. Tension zones are known to be mobile, being attracted 
to each other and geographic barriers due to differences in population density (Barton & 
Hewitt 1985). Therefore, these two zones (mII1 / mII4 and mII1 / mII5) could be moving 
towards each other, meaning that eventually mII4 and mII5 will be in direct contact. 
However, if this is true then this study has been extremely lucky to fi nd the zones at this 
stage. An alternative hypothesis is that the mII1 form has been selected for within the 
zone as a buffer between the other forms.
 If mII1 was selected for within the hybrid zone between mII4 and mII5, then its 
presence would need to reduce the fi tness loss associated with the hybrid zone in some 
way. If RI in the hybrid zone is predominantly due to malsegregation of chromosome 
rings, then mII4 / mII5 hybrids would need to carry a larger ring than mII1 / mII4 (RXVI) 
or mII1 / mII5 (RXIV) hybrids because larger multiples generally have higher rates of 
malsegregation (King 1993). The selective value of mII1 within the zone could also be 
due to the fact that its presence allows the production of a range of small rings within 
the zone rather than just the large F1 products. Alternatively, if RI is due to genetic 
incompatibilities between mII4 and mII5, then mII1 could carry alleles that are more 
compatible with those in the other mII karyomorphs than the alleles carried by mII4 and 
mII5 with each other. Under either mechanism of RI, it is possible that this indicates that 
mII1 is ancestral to mII4 and mII5 (Barton & Bengtsson 1986).
 Although this hypothesis is highly speculative, it does make several testable 
predictions. Irrespective of the mechanism of RI, hybrids of mII4 and mII5 should be 
less fi t than either mII1 / mII4 or mII1 / mII5 hybrids. If RI is caused by malsegregation, 
mII4 / mII5 hybrids are expected to carry a ring of eighteen or twenty. A corollary of this 
is that the mII1 form should share different fusions with each of the other two forms. 
Under this hypothesis, the mII1 form could perform a similar function within this hybrid 
zone as an acrocentric peak (Figure 1 B) (Barton & Bengtsson 1986; Searle 1993).
 The six karyomorphs identifi ed by this study may be partially reproductively 
isolated. The mtDNA sequencing data support this, as the only two new mII forms 
sequenced happen to be the least and most chromosomally divergent identifi ed by this 
study (mII2 and mII3 respectively). Both populations are clearly differentiated from 
mII1; mII2 moderately so (mII” in Chapter 5, Figure 2), and mII3 extremely so, grouping 
closer to the CVIIN single chain karyomorph from 500 km to the north than to any 
other mII sequence (mII’ in Chapter 5, Figure 2). However, it seems unlikely that these 
karyomorphs are isolated to such a degree as to warrant division into separate species. 
No indications of pre-mating isolation were detected, and F1 hybrids were produced 
relatively easily. However, the hybrid inviability / infertility observed suggests that the 
various mII forms may be evolving independently, and so are probably best considered 
as karyomorphs in their own right. Given that so many new mII karyomorphs have 
been found by so few crosses, from such a small corner of the distribution of this 
confi guration, it is probable that many more are yet to be discovered.
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  An important aspect of the hybrid zones between mII karyomorphs that cannot 
be addressed using current techniques is the potential for X fusion confi guration 
differences between forms. This is because the identity of the fused X chromosomes is 
unknown, and cannot be assumed to be the same in all populations, especially given the 
diversity of autosomal fusions, and the mtDNA divergence observed (Chapter 3). This 
matter is of interest for two reasons; fi rstly because it may be a contributing factor in 
the observed partial RI, and secondly because similarity or difference of X chromosome 
fusions could be an important indicator of the evolutionary relationships between the 
different mII forms. Unfortunately, in the absence of chromosome specifi c markers 
or female meiotic spreads, X chromosome fusion combinations cannot be compared 
presently.
 The mII system is very similar to many other species in which Rb fusions have 
become fi xed in the homozygous state in different populations, in that chromosome 
multiples are only observed in hybrids. The SMCF hypothesis was proposed specifi cally 
to explain speciation in such systems, and is considered one of the most plausible 
classical chromosomal speciation models (Baker & Bickham 1986; King 1993). Indeed, 
fusion saturation should make speciation almost inevitable if this model is correct 
for this species. However, if genetic isolation loci are associated with the fusions in 
different mII populations and this the more important mechanism of RI in hybrid zones, 
then the altered recombination interpretation of chromosomal speciation would be more 
relevant to this system. Therefore, hybrid zones between mII karyomorphs may be ideal 
for investigation of these speciation models. In contrast, the chain carrying karyomorphs 
are well suited for investigation of models focusing on the interaction of genetic RI with 
sex-linked chromosomal changes.
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Part 2
The Chains System
 The interpretation of the results from crosses amongst chain carrying 
karyomorphs is complicated by the linkage of the chromosomes involved in chains into 
X and Y linked sets of fusion (Sharp & Rowell 2007, Figures 3 & 7). Interpretation 
guidelines are fully explained in Appendix 5. The novel hybrid confi gurations are shown 
in fi gure 5 A - E, and the results are summarized in Table 3. There results indicate that 
several karyomorphs that have been crossed share few fusions: CIIIE and mII3; CVIIS 
and mII2 or mII4; CIX and mII1; CIIIE and CIX; CVIIS and CVIIN; CIX+CIII and CV 
(crosses 15, 17-19, 35-38 Table 3). Other forms share two or more bivalents: CIIIE or 
CV and mII6 (crosses 16, 20, Table 3).
Table 3 Chains crosses (see over).
The M / F column indicates the karyotype of male offspring from crosses between a male from the fi rst form given 
in the Karyomorphs and Sites columns, and a female from the second form listed. The F / M column is the reciprocal 
cross. Note that for crosses of karyomorphs with similar X chromosome fusions, the sharing of the X fusions could 
not be assessed. The number of shared, different and unassesable fusions for crosses 21-31 were taken from fi gures 7 
B and 8 B.
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 Several karyomorphs have been identifi ed that share X or Y linked sets of 
fusions. If a population shares its X fusion set with one neighboring population, and 
its Y set with another neighbor, then that population is referred to as recombinant. The 
following karyomorphs appear to be recombinant (crosses 21-34, Table 3):
 - CVII+CIIIS. Parentals CV+CV and CIX (crosses 21-24).
 - CVII+CIIIN. Parentals CV+CIII and CV (crosses 25-31).
 - CXIX. Parentals CIIIE and CVIIS (cross 32).
 - CVIIS and CV (crosses 33, 34) may share the Y fusion set, although the two 
available crosses give mutually exclusive results (see appendix 6).
 Certain discrepancies were noted in this data (appendix 6) which have only been 
identifi ed because multiple crosses provided cross validation of the results. However, 
there are several conclusions in Tables 1 and 3 for which such cross validation was not 
available. For this reason, the following discussions will focus on the conclusions drawn 
from multiple crosses, in particular the pattern observed in the CV+CV / CVII+CIIIS / 
CIX group, and the CV+CIII / CVII+CIIIN / CV group of karyomorphs.
 Analysis of the fertility data showed that F1 crosses between karyomorphs with 
the same X fusion confi guration produced a signifi cantly higher proportion of successful 
egg sacs than crosses between karyomorphs with different X fusion confi gurations 
(Table 4 A). The proportion of successful egg sacs was also signifi cantly higher in 
crosses between karyomorphs that are part of the same mtDNA clade than crosses 
involving different clades (Table 4 B).
Table 4a Comparisons of crosses between karyomorphs with the same X confi guration, and crosses between 
karyomorphs with different X confi gurations.
n=number of couples mated for each category of cross, e=number of egg sacs produced by those couples. The time to 
mating was analysed using a Mann-Whitney U test. The proportion of mated couples that produced at least one egg 
sac, and the proportion of egg sacs that produced hatchlings were analysed using two-sample binomial tests. The rate 
of hatchling production was analysed using a two-sample Poisson test.
Measure Same X’s n=70, e=32
Different X’s 
n=68, e=64 Difference 95% CI p-value
Median time to mating (min) 
with 25, 75 percentile 347 (90.. >500) 225 (75.. >500) 0.567
Number and proportion of 
females that produced ≥ 1 
eggsac
22 (0.31) 30 (0.44) -0.13 -0.29, 0.03 0.124
Number and proportion of 
egg sacs that produced 
hatchlings
14 (0.44) 14 (0.22) 0.22 0.02, 0.42 0.026
Hatchling production rate 
(hatchlings per successful 
egg sac)
54.43 52.14 2.29 -0.15, 4.72 0.066
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Table 4b Comparison of crosses within an mtDNA clade and crosses between clades.
n=number of couples mated for each category of cross, e=number of egg sacs produced by those couples. The time to 
mating was analysed using a Mann-Whitney U test. The proportion of mated couples that produced at least one egg 
sac, and the proportion of egg sacs that produced hatchlings were analysed using two-sample binomial tests. The rate 
of hatchling production was analysed using a two-sample Poisson test.
Table 4c Comparison of F1 crosses between clades with F2 crosses.
n=number of couples mated for each category of cross, e=number of egg sacs produced by those couples. The time to 
mating was analysed using a Mann-Whitney U test. The proportion of mated couples that produced at least one egg 
sac, and the proportion of egg sacs that produced hatchlings were analysed using two-sample binomial tests. The rate 
of hatchling production was analysed using a two-sample Poisson test.
 The six couples that were mated for the F2 generation produced fourteen 
egg sacs, three of which produced a total of eight hatchlings. F1 crosses produced 
signifi cantly more hatchlings per successful egg sac than F2 crosses (Table 4 C). This 
was true irrespective of whether all F1 crosses were used for the comparison, or only 
F1 crosses between clades. Although no data were collected on spiderling survivorship 
Measure
Same clade 
chains only 
n=61, e=31
Different clade 
chains only 
n=78, e=65
Difference 95% CI p-value
Median time to mating (min) 
with 25, 75 percentile 500 (90..>500) 225 (75.. >500) 0.171
Number and proportion of 
females that produced ≥ 1 
eggsac
21 (0.34) 31 (0.40) -0.05 -0.22, 0.11 0.520
Number and proportion of 
egg sacs that produced 
hatchlings
14 (0.45) 13 (0.20) 0.25 0.05, 0.45 0.010
Hatchling production rate 
(hatchlings per successful 
egg sac)
55.07 55.46 -0.39 -6.00, 5.22 0.892
Measure
Diff clade 
chains only F1 
n=78, e=65
F2 chains only 
n=6, e=14 Difference 95% CI p-value
Median time to mating (min) 
with 25, 75 percentile 225 (75..>500) 400 (120..>500) 0.582
Number and proportion of 
females that produced ≥ 1 
eggsac
31 (0.40) 4 (0.67) -0.27 -0.66, 0.12 0.197
Number and proportion of 
egg sacs that produced 
hatchlings
13 (0.20) 3 (0.21) -0.01 -0.25, 0.22 0.904
Hatchling production rate 
(hatchlings per successful 
egg sac)
55.46 2.67 52.79 48.34, 57.24 <<0.001
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(a)
Fig. 5 Photos of novel chromosomal confi gurations observed in hybrids between chain carrying karyomorphs. X 
indicates X-X fusions, and X-a indicates X-autosome fusions. (a) RX, (b) RXVI+CIII, (c) CXI+RX, (d) CXXI, 
(e) CXIII+RVIII
(b)
(c) (d)
(e)
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in F1 and wild caught cohorts, it is of note that of the eight live spiderlings that were 
removed from F2 egg sacs, only one survived to adulthood (Appendix 4). This spider 
was female, and so could not be analysed cytologically. A sibling of this spider survived 
until one day after moulting to the penultimate male instar, but died before cytological 
analysis.
 An anomaly was noticed during the rearing of the products of crosses 23 and 
24 in preparation for an F2 cross; by adulthood, all remaining individuals were male; 
cross 23 produced thirty six adult males, and cross 24 produced sixteen. This is a highly 
signifi cant departure from the 50:50 primary sex ratio of this species (Rowell & Avilés 
1995) (χ2=36, df=1, p <0.001, and χ2=16, df=1, p <0.001 respectively).
 Analysis of shared fusions showed that some categories of cross indicated 
signifi cantly more shared fusions than others (Table 5). In particular, many more fusions 
are shared by karyomorphs which are part of the same mtDNA clade than those in 
different clades.
Table 5 Results of two-sample Binomial tests comparing the number of shared fusions indicated by various 
categories of successful cross (unsuccessful crosses could not be assessed for shared fusions).
The numbers shown in the Category 1 and Category 2 columns are as follows: the number of shared fusions 
indicated by all of that category of cross / the number of chromosomes involved in those crosses (proportion of 
shared fusions). All un-assessable fusions are assumed to differ between the forms compared. Categories as follows: 
Chains system only includes crosses between chain carrying karyomorphs; mII system only includes crosses between 
mII karyomorphs; Between mII & chains only includes crosses between mII and chain carrying karyomorphs; 
Karyomorph only includes those crosses between chain karyomorphs that produced offspring with a karyomorph; 
Karyotype only includes those crosses between chain karyomorphs that produced offspring with a karyotype; Same 
clade only includes crosses between karyomorphs in the same clade; Different clade only includes crosses between 
karyomorphs in different clades; In contact only includes crosses between karyomorphs that are parapatric; Not in 
contact only includes crosses between karyomorphs that are allopatric; Same X confi guration only includes crosses 
between karyomorphs that have the same X chromosome fusion confi guration; Different X confi guration only 
includes crosses between karyomorphs that have different X chromosome fusion confi gurations.
Comparison (category 1 / 
category 2) Category 1 Category 2 Difference 95% CI p-value
Chains system / mII system 103 / 210 (0.490) 28 / 84 (0.333) 0.157 0.036, 0.279 0.014
Chains system / between mII 
& chains 103 / 210 (0.490) 24 / 126 (0.190) 0.3 0.204, 0.396 <0.001
mII system / between mII & 
chains 28 / 84 (0.333) 24 / 126 (0.190) 0.143 0.021, 0.265 0.019
Karyomorph / karyotype 
offspring (chains system) 102 / 147 (0.694) 1 / 63 (0.016) 0.678 0.597, 0.759 <<0.001
Same clade / different clade 70 / 84 (0.833) 85 / 336 (0.253) 0.58 0.4881, 0.673 <<0.001
In contact / not in contact 108 / 231 (0.468) 47 / 189 (0.249) 0.219 0.130, 0.308 <0.001
Same X confi guration / different 
X confi guration 66 / 189 (0.349) 89 / 231 (0.385) -0.036 -0.129, 0.056 0.446
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Discussion
 Hybridization experiments conducted among the various chain carrying 
karyomorphs of D. cancerides have revealed that some populations have many fusions 
in common, whereas others do not. For example, two karyomorphs with the same 
meiotic confi guration, CVIIS and CVIIN, appear to share no fusions. This justifi es 
their treatment as different karyomorphs, which was initially based on their disjunct 
distributions (Sharp & Rowell 2007). In general, karyomorphs which share few 
or no fusions have distributions that are separated by distance and / or intervening 
populations, and karyomorphs which share two or more bivalents have parapatric 
distributions. Two groups of karyomorphs clearly share many fusions, and appear to be 
arranged in such a way that fusion differences are found between adjacent karyomorphs 
in either the X or Y fusion set, but not both. Two other groups may share this pattern. 
These recombinant populations are discussed in turn below.
Recombinant populations
 At the southern end of the distribution of chain carrying karyomorphs, CIX, 
CVII+CIIIS and CV+CV make contact (Sharp & Rowell 2007, Figure 4). CIX has a 
large distribution including the entire south coast of NSW, whereas CV+CV is found 
in a very small area to the south. CVII+CIIIS is found in a narrow band in between the 
other two forms, and is often mixed with them (especially with CV+CV) at sites as 
well as in colonies (Sharp & Rowell 2007, Table 2). The CIX and CVII+CIIIS forms 
were present in collections made in this area in 1985, so these confi gurations appear 
to be somewhat stable (Rowell, unpubl. data). Crosses 21-24 (Table 3) indicate that a 
CVII+CIII karyotype can be generated by combining the X fusion set from CV+CV 
with the Y fusion set from CIX. If this karyotype is made up of the same fusions 
as the karyomorph found in the fi eld, then this result indicates that the CVII+CIIIS 
karyomorph is a recombinant population, carrying a mixture of fusions from the 
parental populations on either side (Figure 6).
 Cross 22 appears to contradict the other results because it produced CIX 
male hybrids carrying the X set from CIX combined with the Y set from CV+CV. 
According to the interpretation guidelines outlined in Appendix 5, this would suggest 
that CV+CV and CIX share a Y fusion set, which contradicts the other conclusions. 
However, a number of ways have been found in which these populations may differ 
that allow for the production of a CIX2 karyotype from this cross (see Figure 6 B for an 
example). Such a karyotype would appear identical to the CIX karyomorph in Giemsa 
stained cells, but would have the chromosomes in different positions. This form will 
be referred to as a pseudo-parental karyotype, because it matches the CIX form in 
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meiotic confi guration, and possibly the identity of the chromosomes in the chain. It is 
not, however, the same chain. The chromosome sets are from different populations, 
and are made up of different fusions, meaning that individual chromosomes are in 
new positions, and so may be recombined in novel areas. Presently, this confi guration 
cannot be distinguished from the CIX karyomorph, so is likely to be represented in fi eld 
collections. It is notable, however, that far fewer CIX individuals are found within the 
hybrid zone than CVII+CIII ones (Figure 6 A), although the sample sizes at several 
collection sites are very limited.
 A striking feature of CV+CV, CVII+CIIIS and CIX karyomorphs is that they 
all include the same number of metacentric bivalents. This suggests that six autosomal 
bivalents are shared by the parental and recombinant forms alike, and may not be 
involved in chromosome multiples at all. This would mean that the multiples in each 
parental form are made up of the same chromosomes held in fi xed heterozygosity for 
different fusions whose pattern of monobrachial homology forms different multiples in 
each karyomorph. Even if the chromosomes in bivalents are not the same in the parental 
populations, the presence of six bivalents in the CVII+CIIIS confi guration still indicates 
that at least six fusions are shared. That so many fusions are shared by the parental 
karyomorphs suggests that they may share a common ancestor.
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Fig. 6a The frequency of karyomorphs at collection sites in the CIX / CVII+CIIIS / CV+CV hybrid zone.
Sites arranged in order from south to north, sample sizes given in data table below. The jaggedness of the CV+CV 
and CVII+CIIIS lines is likely to be due to stochastic processes as the distribution of habitat for this species is very 
patchy. The small peak of CIX in this area is likely to represent a low frequency of CIX2 individuals.
Collection Site Distance (km south to north) CV+CV CVII+CIIIS CIX Total
MD(45) 0.0 2 0 0 2
W(15) 2.0 2 0 0 2
A(46) 2.8 4 0 0 4
G(16) 8.7 23 9 0 32
W(135) 18.5 26 0 0 26
W(17) 20.1 25 8 0 33
X(136) 23.9 6 0 0 6
G(140) 27.1 8 4 0 12
N(50) 33.3 6 9 0 15
P(137) 33.8 7 0 2 9
I(143) 35.5 0 10 0 10
Q(138) 37.1 7 1 0 8
X(51) 39.3 1 5 0 6
K(141) 44.2 0 15 0 15
Y(49) 46.9 0 9 0 9
R(145) 47.6 4 18 33 55
R(14) 49.5 0 0 1 1
E(142) 56.0 0 0 1 1
T(106) 62.1 0 0 16 16
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Fig. 6b An example of how CIX, CVII+CIIIS and CV+CV could be related.
 A very similar pattern is observed in CV+CIII, CVII+CIIIN and CV 
karyomorphs (crosses 25-31, Table 3). A CVII+CIII karyotype can be produced by 
combining the X fusion set from CV+CIII with the Y fusion set from CV, and the 
CVII+CIIIN karyomorph is found in pure populations in between the other two 
karyomorphs in the fi eld (Figure 7 and Sharp & Rowell 2007, Figure 4). This is a 
more structurally heterogeneous group than the forms discussed above because they 
each have a different number of metacentric bivalents. CV has eight, CV+CIII has 
seven, and CVII+CIIIN has six, suggesting that all three karyomorphs share the six 
bivalents observed in the hybrid form. This would mean that chromosomes present 
as one bivalent in CV+CIII, and two bivalents in CV, are folded into the chains in the 
recombinant population. The reciprocal male hybrid carries the same karyotype as males 
from the single chain parental population (CV), which makes the CV2 form generated 
by cross 29 another pseudo-parental karyotype (Table 3). As for the previous group, this 
could be due to a small number of differences between the parental populations (see 
example in Figure 7).
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Fig. 7a The frequency of karyomorphs at collection sites in the CV+CIII / CVII+CIIIN / CV hybrid zone.
Sites arranged in order from west to east, sample sizes given in data table below.
Fig. 7b An example of how CV, CVII+CIIIN and CV+CIII could be related.
Collection Site Distance (km west to east) CV+CIII CVII+CIIIN CV Total
N(90) 0.0 6 0 0 6
D(65) 25.7 0 1 0 1
W(88) 29.4 0 0 1 1
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 The similarities between these two groups of karyomorphs are many; however, 
one similarity which is unexpected is that both groups include recombinant forms with 
identical karyotypes (CVII+CIII). Unfortunately, crosses between the CVII+CIIIN and 
CVII+CIIIS, and CIX and CV were unproductive (Appendix 3), meaning that there 
is no way to assess their similarity of actual fusion combinations. The sequencing 
data in Chapter 3 indicates that the two CVII+CIII forms carry only distantly related 
mtDNA sequences (Chapter 3, Figure 2), but this tells us little about the chromosomes. 
Presently, this observation must be interpreted as coincidental; however, it is thought 
likely that CV and CIX may share a set of fusions. 
 A group of single chain karyomorphs that may have a similar relationship is 
CVIIS, CXIX and CIIIE. Cross 32 (Table 3) produced a CXIX hybrid product from 
CIIIE and CVIIS, and karyomorphs with these confi gurations are found in close 
proximity in the fi eld (Sharp & Rowell, Figure 4). This is especially true of CVIIS and 
CIIIE, although on the basis of very limited sampling the CXIX distribution appears 
to be on the far side of CIIIE rather than between the other two forms. Only one cross 
produced this result, and CXIX is a large chain, so this may simply indicate that CIIIE 
and CVIIS share only one fusion (or one bivalent).
 The last group of forms involves CVIIS and CV (crosses 33, 34, Table 3). As 
discussed in appendix 6, the two crosses available between these forms gave mutually 
exclusive results, and it is unclear which one to reject. If cross 34 were to be correct, 
then the CV and CVIIS karyomorphs could share no fusions. Alternatively, if cross 33 is 
accepted, then these two forms may share a Y fusion set. This may or may not be part of 
a larger three karyomorph group as described above.
Sex Specifi c Clines
 The logical consequences of the recombinant karyomorphs discussed above 
sharing their X fusion set with one parental population, and their Y fusion set with the 
other, are very interesting. Because all females collected from recombinant populations 
used in these crosses bred true, and females are thought to be homozygous for the 
X fusion set carried by males in their population, the females of the recombinant 
populations probably carry the same fusions as the females in the parental population 
with which the X set is shared in males. For CVII+CIIIS this is CV+CV, and for 
CVII+CIIIN this is CV+CIII. Thus, the two double chain forms within each group of 
karyomorphs may share a single female population. On the other hand, the recombinant 
population shares the Y fusion set with the other parental form, meaning that the males 
of these populations share the male-specifi c set of fusions. For CVII+CIIIS, this is 
CIX, and for CVII+CIIIN this is CV. What all this means is that the clines for the X 
linked fusion sets and the Y linked fusion sets are not coincident, because they have 
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the recombinant population in between them. This allows the clines for the two sex 
linked fusion sets from the parental populations to cross at well above 50% frequency 
(compare Figure 1 C with Figures 6 A & 7 A).
 A similar situation was found in the only other comparable fi xed heterozygote 
system that has been investigated with hybridization experiments. The termite 
Kalotermes approximatus includes several races which carry fi xed sex linked rings of 
chromosomes of various sizes. Some parapatric races appear to differ by rearrangements 
in only one of the two sex-linked sets, meaning that the other fusion set can be shared 
by two or more races (Luykx & Syren 1981; Syren & Luykx 1981).
 In Chapter 3, mtDNA sequencing showed that the CV+CIII / CVII+CIIIN / 
CV group of karyomorphs sits on the divide between the highly divergent Eastern 
and Southern mtDNA clades (Chapter 3, Figure 2). CV+CIII and CVII+CIIIN are 
part of the Southern clade, and CV is part of the Eastern clade. Thus, the two double 
chain karyomorphs which share X fusion sets, and so may share females, are part 
of the same mtDNA clade. The karyomorphs which share the Y fusion set (CV and 
CVII+CIIIN) are members of highly divergent lineages (Figure 8). Thus, the cline for 
the X linked fusion set is concordant with the mtDNA cline, but the cline for the Y set 
is non-coincident (Figure 6 A & 7 A). This situation is most parsimoniously explained 
by hybridization between vicariant mtDNA lineages represented here by CV+CIII and 
CV, producing CVII+CIIIN as a hybrid product. This is complicated somewhat by 
the fact that CV+CIII shares many fusions with CV, and so may also be derived from 
hybridization between CV and an unidentifi ed Southern clade karyomorph. This would 
make CV+CIII another step in this staggered hybrid zone.
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Fig. 8 Schematic representation of staggered sex linked clines between populations with divergent mtDNA lineages.
(a) Concordant clines for mtDNA and X- and Y-linked fusion sets presumably present at secondary contact.
(b) Concordant mtDNA and X fusion set clines and non-concordant Y fusion set cline observed presently.
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 On the basis of the current data, it is possible that staggered sex linked clines are 
a general feature of hybrid zones between chain carrying karyomorphs of D. cancerides. 
All reliable crosses between chain carrying karyomorphs known to have contiguous 
distributions produced offspring carrying a meiotic confi guration identical to a known 
karyomorph (Table 3). This suggests that many of the karyomorphs described by Sharp 
and Rowell (2007) are recombinant. Therefore, understanding the processes that have 
led to this pattern of reticulation is vital to understanding this species as a whole.
 The separation of clines in a hybrid zone can happen for a variety of reasons, and 
can occur in neutral contact zones or tension zones (Searle 1993; Jaarola et al. 1997). 
Stochastic processes such as founder effects, environmental selection with differences 
in the male and female transition point, and an advancing wave of a positively selected 
marker are all possibilities. However, if these zones are tension zones, then the clines 
could have become staggered via selective processes (Searle 1993; Jaarola et al. 1997; 
Piálek et al. 2001).
 Secondary contact of chain carrying karyomorphs is likely to have begun 
by hybridization of rare long distance migrants (Hewitt 1993). This would allow 
drift in small mixed founder populations to resolve hybrid polymorphism down 
to fi xed heterozygosity. In this way, stochastic processes, patchy distribution and 
environmentally induced range changes can theoretically result in clines becoming 
separated by large and variable distances (eg; Caledia captiva (Marchant 1988; 
Marchant et al. 1988), and mice (Gündüz et al. 2001)). Although this is a viable 
explanation for the present observations, such a process would have to have occurred 
independently in each recombinant hybrid zone.
 Environmental selection could also play a role, as D. cancerides can be found in 
all areas of Australia in which trees grow, and is known to utilize many different habitat 
tree species. It is possible that adaptation to different environments or tree species has 
resulted in chromosomal and genetic divergence (Cook 2000, 2001; McAllister et al. 
2008). If the transition point from one selective environment to another is different for 
males and females, then the clines could be separated to refl ect this (Jaarola et al. 1997). 
However, such a process is expected to result in wide clines (Barton & Hewitt 1985; 
McAllister et al. 2008). Alternatively, one cline could represent an advancing wave of 
a positively selected locus linked with a set of fusions, although this may not be likely 
as the distance the clines have separated is not far, and positive selection is expected to 
result in rapid introgression (Barton & Hewitt 1985; Barton & Hewitt 1989; Jaarola et 
al. 1997). Although the above explanations are plausible, if recombinant hybrid zones 
are tension zones, then the separation of the clines is likely to be due to selection driven 
by partial RI between the parental karyomorphs.
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Partial Reproductive Isolation in the Chains System
 Analysis of the fertility data for the chains system crosses showed that partial 
post-mating RI is evident in these crosses. In particular, crosses between karyomorphs 
with different X chromosome fusion confi gurations, and crosses between different 
mtDNA clades, produced fewer viable egg sacs than crosses between karyomorphs 
with the same X confi guration or clade association. Furthermore, F2 crosses produced 
highly signifi cantly fewer hatchlings from viable egg sacs than even the least successful 
category of F1 crosses (Table 4 A, B & C). This is despite the egg sac success rate 
being artifi cially infl ated by the manual opening of the F2 egg sacs. If sacs had not 
been opened artifi cially, it is doubtful that any hatchlings would have been produced 
by the F2 crosses. Females failing to open their egg sacs may be a normal response to 
low hatching success, as females may be triggered to open egg sacs when they feel the 
spiderlings moving about inside (L. Rayor, pers. comm.). This may explain the lack of 
small groups of hatchlings in the F1 (Figure 2).
 Premating isolation is not apparent in any analyses, as the time taken for 
couples to begin to mate varied independently of X confi guration, clade association, or 
generation. The wild caught females used for F1 crosses appear to have all had similar 
levels of fertility as the proportion of females that laid at least one egg sac generally did 
not differ signifi cantly among groups (Table 4 A, B & C).
 It might be thought possible that these results are an artifact of rearing and 
breeding spiders under laboratory conditions. However, L. Rayor has not observed 
comparable fi tness reduction after fi ve generations of laboratory breeding (pers. 
comm.), and all techniques used here are based on those used in the Rayor laboratory 
(Avery 2007; Zimmerman 2007). Furthermore, all comparisons are made between 
groups of spiders that have been reared and bred under identical conditions. By making 
comparisons between different groups of crosses in this way, rather than using control 
crosses within a karyomorph, any outbreeding depression present should be roughly 
equivalent in both classes being compared.
 Therefore, these results are interpreted as indicating that partial post-mating RI 
is likely to be a general feature of hybrid zones between karyomorphs with different 
X fusions and mtDNA lineages. As for the mII system, this is most likely to be due to 
genetic incompatibility between karyomorphs. In addition to this general pattern, two 
more specifi c indications of RI were also detected.
 Firstly, the F2 cross performed between CIX+CIII and CV produced eight of the 
nine F2 spiderlings observed, yet only one survived to adulthood. Although spiderling 
survivorship was not formally assessed, survivorship of most fi eld caught and lab 
bred spiderlings was around 80%, and higher when kept in small groups as these were 
(pers. obs.). Many F2 spiderlings had moult warped legs (pers. obs. and L. Rayor pers. 
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comm.), and they were all far less inclined to move about than other wild caught and 
lab bred spiderlings observed (pers. obs.). That the only two F2 hybrids to survive to 
a sex-able age were a male and a female suggests that both sexes are affected equally 
in this zone. Therefore, although no statistical support is available, this result strongly 
suggests that F2 viability is compromised in these crosses. If this is true, it indicates 
that recombination pattern differences between the parental forms and the CXI+RX 
carrying hybrids (Figure 5 C) may be causing partial RI due to recombination in the 
F1 disrupting co-adapted gene complexes (Moran 1981; Coates & Shaw 1982; Shaw 
et al. 1982). This is hardly surprising when one considers the meiotic effects of whole-
genome fusion heterozygosity and monobrachial homology. It should also be noted that 
these karyomorphs are likely to represent different mtDNA clades (Chapter 3, Figure 2), 
suggesting that nucleo-cytoplasmic incompatibility could be involved. However, as the 
CIX+CIII and CV karyomorphs have allopatric distributions, this result only indicates 
that this mechanism can produce RI in this species, not that it is important in any given 
hybrid zone.
 Secondly, the F2 cross planned to investigate the CIX / CVII+CIIIS / CV+CV 
recombinant hybrid zone could not be performed due to both available cohorts of F1 
spiderlings showing highly signifi cant sex ratio distortion. Both crosses which produced 
CVII+CIIIS offspring (crosses 23 and 24, Table 3) produced only male adult spiders 
(fi fty two in total) despite the 50:50 primary sex ratio of this species (Rowell & Avilés 
1995). This result is particularly interesting because it contradicts Haldane’s rule 
(Haldane 1922). All males analysed cytologically were clearly chromosomally male 
(nineteen in total), so sex-reversal of females is not a likely explanation. Cannibalism 
within cohorts of spiderlings was observed during the course of these experiments, in 
wild caught and hybrid cohorts, usually while the victims were moulting (but see Beavis 
et al. 2007). However, if either sex was dominant by adulthood in other cohorts, it was 
always the females, and never to the point of extermination of males. Cytoplasmic 
incompatibilities such as Wolbachia infections are also unlikely to explain reproductive 
isolation in this species given these results, as female-specifi c killers are unknown and 
unlikely given the maternal mode of transmission (Coyne & Orr 2004). Therefore, this 
result is most plausibly interpreted as indicative of reduced viability of the F1 females 
produced by these crosses, which is likely to be due to genetic incompatibilities between 
the parental populations.
 These are the only crosses of karyomorphs involved in recombinant hybrid 
zones for which the offspring were raised to maturity, and as such might be expected 
to be different. All cohorts of spiderlings not intended for use in F2 crosses were 
unfortunately destroyed without formal assessment of the sex ratio. However, two 
juvenile females were preserved from each cohort, and these females were always found 
with ease. The cohorts of F1 spiderlings that were raised to maturity for the other F2 
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crosses did not have noticeably skewed sex ratios. Thus, sex-ratio distortion appears to 
be specifi c to the CIX / CVII+CIIIS / CV+CV recombinant hybrid zone, although on the 
basis of hybrid zone structure, F1 hybrids in other recombinant hybrid zones are likely 
to also be affected.
 Cross 22 was expected to produce females with the same chromosomal 
constitution as those produced by crosses 23 and 24, and two juvenile females were 
found at the termination of this cross. However, cross 22 females had CIX as the 
maternal parent whereas crosses 23 and 24 had CIX as the paternal parent. This could 
indicate that there are maternal effects involved (Mousseau & Dingle 1991; Turelli & 
Orr 2000; Coyne & Orr 2004). Moreover, these females were found as juveniles, so the 
mortality of females may have been spread throughout the juvenile instars.
 A possible explanation for these results is that there was a fi tness difference 
between the males and females produced by crosses 23 and 24, which was not as large 
in cross 22. This may be because cross 22 produced the pseudo-parental male type 
CIX2 which is not expected to be produced often in the CV+CV / CVII+CIIIS / CIX 
hybrid zone due to the staggering of clines in the hybrid zone. If this male type suffers 
a similar reduction in fi tness to the heterozygous females, then the cross 22 males and 
females may have had little fi tness difference. Conversely, in cross 23 and 24 cohorts, 
the CVII+CIIIS male type commonly found in the hybrid zone was competing against 
the heterozygous females. It is likely that there was competition within cohorts of 
spiderlings for food and space because they were raised in large groups in small tubs; 
this is also likely to explain the observed cannibalism. Therefore, if the CVII+CIIIS 
male type is the fi ttest of the F1 hybrid products in this hybrid zone, and heterozygous 
females and pseudo-parental males suffer reduced fi tness, then the observed results 
might occur. This result concurs with the generalized effects discussed above, as these 
crosses are between karyomorphs with different X fusion confi gurations.
 Therefore, F1 and F2 viability appear to be impacted negatively by hybridization 
between chain carrying karyomorphs of this species. This suggests that both genetic 
mechanisms of RI are present (genetic incompatibility and recombination disrupting co-
adapted gene complexes). In future experiments, emphasis needs to be put on spiderling 
viability and sex ratio. That reduced F1 viability appears to be a general feature of 
hybrid zones between karyomorphs with different X confi gurations or mtDNA clade 
associations concurs with the conclusions of Chapter 3 regarding mtDNA variation, and 
suggests that the structure of such hybrid zones is likely to be a product of tension zone 
dynamics. This supports the interpretation of the recombinant structure of several such 
zones as being a product of selective processes.
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Hypothesis to Explain Recombinant Populations in D. cancerides Tension 
Zones
 On the basis of the above discussion, it seems most likely that the recombinant 
hybrid zones are tension zones with partial genetic RI between the parental populations. 
However, the male and female clines observed in recombinant hybrid zones are by no 
means equivalent. At the cline for the X linked sets of fusions, genetic incompatibilities 
may cause F1 female inviability. In contrast, the male cline must be an amorphous thing, 
as no normal individual can carry both Y fusion sets. Thus, although the female zone is 
likely to be a tension zone, the male zone may not be. This difference suggests several 
mechanisms by which these clines could have become staggered because differential 
movement of the clines from the point of secondary contact is possible. Tension zone 
dynamics could have moved the female cline to a geographic barrier (Barton & Hewitt 
1981a, 1985). Drift, founder effects, or differences in population density between the 
parental forms could account for the position of the male clines (Jaarola et al. 1997), 
especially given that males appear to be the dispersive sex in this species, and the 
patchiness of habitat utilized by this species (Chapter 3) (Gorlov & Tsurusaki 2000). 
However, these explanations fail to account for how the male cline escaped the tension 
zone created by the female cline.
 The most plausible model for the repeated staggering of sex-linked clines 
in this species is that selection has acted to make the clines non-concordant. This 
modifi cation appears to be in the form of a recombinant peak, such as those observed 
in mice (Searle et al. 1990; Hauffe & Searle 1993; Piálek et al. 2001; Hauffe et al. 
2004), shrews (Fedyk et al. 1991; Searle 1993; Wójcik et al. 2002), voles (Jaarola et 
al. 1997), fi sh (Kontula & Väinölä 2004), grasshoppers (Virdee & Hewitt 1994; Butlin 
1998), and an opilione (Gorlov & Tsurusaki 2000). Recombinant peaks are a product 
of selection acting asymmetrically against the most unfi t hybrid types, which changes 
the relative positions of the clines and results in fewer of those unfi t hybrids being 
produced. This reduces the overall fi tness loss (and therefore ‘tension’) within the zone, 
and so increases gene fl ow through the zone (Barton & Bengtsson 1986; Searle 1993; 
Butlin 1998; Barton & Shpak 2000). This form of modifi cation is often observed in 
chromosomal hybrid zones in which malsegregation causes RI because F1 individuals 
carry two or more chromosome multiples which have epistatic fi tness interactions 
(Searle 1993). The separation of the clines means that only one multiple is produced in 
crosses between the parental populations and the recombinant population (Figure 1 C) 
(Searle 1993).
 Unlike all the other groups in which staggered clines have been described, these 
karyomorphs of D. cancerides are complex fi xed sex-linked fusion heterozygotes. 
This means that chromosomes involved in chains in pure populations cannot segregate 
independently within hybrid zones, so the clines for individual chromosomes cannot 
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become staggered in the usual fashion (but see Brünner et al. 2002). That the sets of 
fusions are sex-linked means that for these clines to become staggered, it must be by 
separation of the male and female clines. This means that instead of staggering two 
multiples into separate hybrid zones, in D. cancerides the recombinant populations 
divide the hybrid zone into the two halves of the two multiples. Therefore, unlike other 
groups in which chromosomal clines have become staggered, staggering of clines in this 
system does not prevent the formation of the largest chromosome multiples. Therefore 
this hybrid zone structure is unlikely to have evolved as a response to malsegregation 
in hybrids. Given the indications of genetic RI discussed above, this is most likely to 
be what has driven selection for non-coincident clines, as in Chorthippus parallelus 
grasshoppers (Butlin et al. 1991; Virdee & Hewitt 1994; Butlin 1998). That the detected 
F1 inviability appears to be sex-biased suggests that loci on sex chromosomes are 
involved in the maintenance of this system.
 At secondary contact, the sex-linked clines in D. cancerides hybrid zones 
were presumably coincident, meaning that both male hybrid types were produced 
(recombinant and pseudo-parental) at approximately equal frequencies. Due to the 
staggering of the clines, the pseudo-parental forms (CIX2 & CV2) are expected to now 
be rare, as the X set from the single chain forms and the Y set from the double chain 
forms have distributions that barely overlap (Figures 7, 8 & 9). Because the pseudo-
parental male types are the only forms which are produced at lower frequencies due 
to the staggering of the clines, it is likely that it is this form that selection is acting 
against to produce staggered clines. This suggests that there may be greater genetic 
incompatibility between the pseudo-parental male combination of X set and Y fusion 
sets than the recombinant male combination of X and Y fusion sets.
 In the fi eld vole Microtus agrestis, a tension zone between the Lund and 
Standard populations has been characterized in which the mtDNA and Y chromosome 
clines are staggered due to a recombinant peak (Jaarola et al. 1997). This is a much 
simpler system that that described here, but it has resulted in a strikingly similar 
hybrid zone structure; the male (Y chromosome) and female (mtDNA) clines have 
become staggered by approximately one cline width, which prevents the formation of 
one of the reciprocal male types. Jaarola et al. (1997) interpret this as being the result 
of incompatibility of the combination of Y chromosome and mtDNA markers which 
characterizes the missing male type. It is possible that this is also the explanation for D. 
cancerides staggered clines.
 If the pseudo-parental males are less fi t than the recombinant males, and 
hybrid females also have reduced fi tness, then the following model fully explains the 
observations of recombinant hybrid zones in this species: At secondary contact, the 
parental forms hybridized freely; the reciprocal crosses produced pseudo-parental 
and recombinant males in equal numbers, and all female hybrids suffered reduced 
viability. Because the recombinant males were fi tter than the pseudo-parental males, 
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the single chain Y set came to dominate the centre of the zone, and began to introgress 
asymmetrically into the double chain side of the zone, separating the clines (see Figure 
8). The further the Y fusion set cline centre became disassociated from the X set cline 
centre, the fewer pseudo-parental males were produced, and the less selection acted 
to separate the clines. When the pseudo-parental combination of double chain Y set 
and single chain X set was no longer produced at appreciable frequencies, there was 
no longer any selection pressure to cause cline movement. At this point the tension 
zone would stabilize with the sex specifi c clines approximately one cline width apart. 
Presently, at the Y set cline hybridization between the recombinant and the double chain 
parental form produces only recombinant and double chain parental males, so this cline 
may not be a tension zone. In contrast, at the X set cline hybrid males carry the single 
chain parental confi guration or the recombinant confi guration, and females still suffer 
reduced viability resulting in tension zone dynamics. Therefore, staggering of the sex-
linked clines in these zones can do nothing to prevent the fi tness loss of the hybrid 
females, but has ameliorated the fi tness loss associated with the pseudo-parental male 
types.
 The process described above is expected to only be able to separate clines by a 
single cline width; however, stochastic processes such as range expansion may allow the 
recombinant population to become a widespread karyomorph (Searle 1993; Piálek et al. 
2001). This is especially likely to be important in this species given the highly patchy 
and ephemeral nature of their preferred habitat of patches of dead trees. Insuffi cient data 
are available presently to assess whether this has happened, but it seems possible it has 
for CVII+CIIIN, which is found in pure populations over a large (if linear) area.  
 Non-coincident clines are much weaker barriers to gene fl ow than coincident 
ones (Barton 1983; Barton & Bengtsson 1986; Searle 1993), meaning that gene fl ow 
through these hybrid zones is likely to be high. The allozyme results of Rowell (1990) 
support this, although none of the double chain karyomorphs were included in that 
study. In contrast, the mtDNA sequencing data reported in chapter 3 suggests that 
female mediated gene fl ow is limited or even prevented by hybrid zones between 
karyomorphs with different X fusion confi gurations. If heterozygous females have 
reduced viability, and the cline for X linked sets is a narrow tension zone, then there 
may be little recombination directly between the different X fusion sets, meaning that 
most effective nuclear gene fl ow will be mediated by males.
 Inviability of F1 females in hybrid zones between forms with different X fusion 
confi gurations should result in an effect similar to linkage disequilibrium between the 
X chromosomes and mtDNA in the hybrid zone. Due to the maternal inheritance of 
mtDNA, it is only in hybrid females that the X’s and mtDNA can be reassorted. If these 
females are inviable, then these genetic elements cannot be inherited independently, and 
therefore cannot introgress independently. This provides a highly plausible explanation 
for the differences in gene fl ow patterns indicated by nuclear (allozyme) and mtDNA 
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markers, as well as the concordance of X fusion confi guration differences with mtDNA 
discontinuities discussed in chapter 3. Therefore, gene fl ow through these staggered 
zones may be relatively uninhibited for all but sex linked markers. However, markers 
with sex linkage may include loci on X’s, the autosomal regions proximal to the 
centromere of the neo-X and neo-Y autosomes that are involved in the chains, and, 
broadly speaking, the mtDNA. In contrast, loci on the bivalents not involved in chains, 
and on the terminal ends of chromosomes in the chains are unlikely to experience much 
barrier to gene fl ow in these zones. Therefore, these tension zones might best be viewed 
as conduits through which nuclear gene fl ow can occur between different karyomorphs 
in certain areas of the genome, but not others. Such gene fl ow would maintain the 
integrity of the individual karyomorphs, as well as the continuity of the species as a 
whole.
 It should be noted that this interpretation is highly speculative, and suggests 
that these hybrid zones are exceptions to Haldane’s rule for inviability (Haldane 1922). 
However, the staggering of the clines is thought to be driven by the differential fi tness 
of the reciprocal males, and female inviability serves only to maintain a narrow cline for 
the X fusion sets. This study has yielded indications of female biased inviability in two 
independent data sets: the highly signifi cant sex ratio distortion observed in F1 crosses 
23 & 24 (this chapter), and the fi eld collections which suggest that X-linked clines are 
narrow because populations have rarely been found in which different mtDNA clades 
could co-occur (Sharp & Rowell 2007 Table 2 and Chapter 3 Figure 2). This matter will 
be explored in chapter 6.
 The hypothesis that the recombinant karyomorphs of D. cancerides were 
produced by selective processes within tension zones resulting in zonal raciation makes 
several testable predictions. Obviously, assaying the fi tness of the various classes 
of hybrids would indicate whether tension zone dynamics are present. For selective 
staggering of clines to be accepted, the pseudo-parental males and hybrid females would 
need to experience greater fi tness reduction than the recombinant males. Investigation of 
where in the genome the isolation loci reside would be highly informative, as this model 
predicts that they should be tightly linked to the fusion sets, and so should be proximal 
to the centromere of chromosomes in chains. Neutral and positively selected divergence 
is also predicted to be greater in these regions, possibly explaining the sex-linked allele 
for the allozyme aldolase found by Rowell (1990). Additionally, a full clinal analysis of 
these hybrid zones such as that of Macholán et. al. (2007) would be very informative, 
as selective staggering of clines is expected to separate the clines by approximately one 
cline width; however, the non-selective mechanisms discussed are expected to result in 
larger and more variable distances.
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General Discussion
 The data presented in this chapter have expanded our understanding of this 
fascinating species considerably. Crosses among geographically distant mII populations 
revealed that there are up to six distinct mII karyomorphs of D. cancerides. Analysis of 
the fertility and viability of hybrids showed consistent signifi cant differences between 
certain categories of cross. This indicates that hybrid zones between karyomorphs in 
this species may generally be tension zones where hybrids carry rings (mII system), or 
the hybridized populations differ in X fusion confi guration or mtDNA lineage (chains 
system). Hybrid zones in the mII and chain system show signs of being modifi ed. These 
hybridization experiments have also yielded indirect information about the identity of 
specifi c fusions in this species for the fi rst time, as they made it possible to identify 
fusions that are shared by karyomorphs.
 Hybrid confi gurations indicate that many fusions are shared among karyomorphs 
of this species (Table 5). Although more fusions are shared by chain carrying 
karyomorphs than by mII karyomorphs, signifi cantly fewer fusions are shared between 
systems than within either. Similarly, more fusions are shared by karyomorphs which 
are parapatric than those that are allopatric. However, the strongest differences observed 
indicated that many more fusions are shared by karyomorphs that produce karyomorph 
hybrid offspring or are part of the same mtDNA clade, than those which produce 
karyotype offspring or are part of different clades. Interestingly, X fusion confi guration 
appears to have little to do with the sharing of fusions.
 The pattern of shared fusions described above suggests that fusion saturation 
is unlikely to have occurred independently in each karyomorph, although it may have 
occurred separately in each clade with some subsequent introgressions. If this is true, 
then there are effectively three separate chain systems represented here: the Eastern, 
Northern and Warren clades, although the vast majority of these crosses have involved 
the Eastern clade system. That the mII forms and Eastern clade chain carrying forms 
may have fi xed fusions separately, and presently include such different assemblages 
of karyomorphs, may indicate that they have other differences. There is the possibility 
that there was a pre-existing difference that caused them to predominantly fi x fusions 
in either homozygous or fi xed heterozygous states. This could also be due to stochastic 
effects, or differences in how the fusions became fi xed (see Chapter 5).
 It is also probable that the saturation of fusions in the homozygous and fi xed 
heterozygous states has had different effects on the genetics of these two systems. In the 
mII karyomorphs, fusion saturation has doubled the size of chromosomes and so altered 
autosomal linkage and recombination patterns, and may have caused sequence evolution 
to accumulate in rarely recombined areas proximal to centromeres. In hybrid zones 
between mII karyomorphs, monobrachial homology is likely to cause malsegregation, 
and extended linkage blocks created by fusions may harbor isolation loci. Fusion 
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saturation in the chain carrying forms has done the same, as well as creating two large 
sex-linked sets of fusions which function like a single large neo-sex chromosome. 
Sex-linkage is likely to have been an important infl uence on sequence evolution in 
chain carrying karyomorphs, and appears to be central to how they interact presently. 
Moreover, improved segregation mechanisms are likely to have had to evolve in 
chain system clades in order to maintain fertility following fusion saturation. All these 
differences are likely to have caused evolution to follow very different trajectories in 
mII and chain carrying karyomorphs (see Chapter 6).
 Although many of the conclusions in this chapter are tentative, it is clear that 
D. cancerides may be an exceptionally informative species on which to test the various 
ideas about the role of chromosomal evolution in speciation. Comparison of tII and 
mII karyomorphs allows investigation of the effects of chromosomal fusions that 
change recombination patterns. The diversity of mII karyomorphs, and the hybrid zones 
between them, provides an optimal example of the conditions under which one of the 
best supported models of classical chromosomal speciation, SMCF, is expected to occur. 
If genetic RI is the predominant form of RI in this system, then the applicability of this 
model must be called into question. Also, the range of chain carrying karyomorphs 
allows investigation of the role of sex linked loci in genetic RI. Perhaps the most 
important aspect of this species is that there are so many of each category of comparison 
possible that the general patterns may be separated from the specifi cs of any given 
hybrid zone, karyomorph, chromosome, locus or chain length. Moreover, these 
comparisons can all now be made within one invertebrate species which is common 
and widespread, easily handled and able to be maintained in large groups in the 
laboratory. D. cancerides seems to be morphologically, behaviorally and ecologically 
invariable, free of pre-mating isolation, and relatively easily bred with short generation 
times. These qualities make this innocuous spider highly amenable for use as a model 
organism in the future.
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Appendices
Appendix 1
Crosses attempted.
 The distribution of the mII karyomorph was divided into four large a priori 
regions: southern NSW (mIIN); central Victoria (mIIC); south-central Victoria 
(Geelong); and western Victoria (Grampians). Six smaller regions were also identifi ed 
in and around the Ovens River valley, which sits at the edge of the central Victorian 
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region: the Wandiligong Valley; the Buckland Valley; the Keiwa Valley; Mt Beauty; the 
eastern end of the Ovens Valley (Ovens E); the western end of the Ovens valley (Ovens 
W); and a site at the centre of the Ovens Valley hybrid zone (Ovens C / CP(149)) (see 
chapter 2).
Table A1 Black squares indicate crosses that were attempted.
m
II
C
III
E
C
V
C
VI
IS
C
VI
IN
C
IX
C
XI
II
C
XI
X
C
V+
C
III
C
V+
C
V
C
VI
I+
C
III
S
C
VI
I+
C
III
N
C
IX
+C
III
m
II
C
III
E
C
V
C
V
IIS
C
V
IIN
C
IX
C
X
III
C
X
IX
C
V
+C
III
C
V
+C
V
C
V
II+
C
III
S
C
V
II+
C
III
N
C
IX
+C
III
170
Appendix 2
Table A2 Results in full for productive crosses.
Populations crossed 
(site 1 x site 2) Site 1 Site 2
Time to 
mating in 
minutes 
(if 
observed)
No. egg 
sacs
No. 
hatchlings
Female 
weight (g)
No. males 
analysed
Hybrid 
male 
karyotype
Cross 
number
mII
Ovens E x Kiewa M: G(100)8.12 F: K(151)1.16 5 1 99 1.7 2 mII 1
M: G(100)8.6 F: K(151)1.17 0
M: G(100)8.12 F: K(151)1.18 110 2 9 2.9
F: G(100)8.9 M: K(151)1.7 100 1 80 1 6 mII 1
F: G(100)8.14 M: K(151)1.7 110 1 63 2.2 2 mII 1
F: G(100)8.13 M: K(151)1.8 1 9 2
Kiewa x mII C M: K(151)1.7 F: HR(95)2.17 300 1 48 1.07 4 mII 2
M: K(151)1.7 F: W(94)2.14 60 1
M: K(151)1.8 F: B(128)6.14 555 1
F: K(151)1.12 M: B(128)6.12 100 0
F: K(151)1.10 M: W(94)2.5 0
F: K(151)1.9 M: B(128)6.12 15 0
F: K(151)1.19 M: HR(95)2.23 490 0
Ovens C x Ovens E M: CP(149)3.7 F: G(100)8.15 0
M: CP(149)3.7 F: G(100)8.16 40 1 44 1.8 7 mII 3
F: CP(149)4.3 M: G(100)8.7 1 28 1.8 3 mII 3
Grampians x mII C F: M(33)2.5 M: W(94)2.13 60 3 106 1.6 7 mII 4
Ovens W x mII C M: P(98)2.2 F: M(37)2.5 1
M: P(98)2.2 F: B(128)2.2 75 0
M: P(98)1.6 F: K(28)1.6 15 1
M: P(98)2.8 F: W(94)2.10 90 0
F: P(98)2.10 M: HR(95)2.22 0
F: B(99)8.1 M: K(34)4.2 0
F: B(99)9.3 M: W(94)4.2 40 1 8 mII 5
mII C x Geelong M: K(28)2.4 F: G(133)6.2.9 70 2 30 6 mII 6
M: M(37)2.4 F: G(133)5.2.1 2 61 2.8 6 mII 7
M: W(94)2.12 F: G(133)6.2.8 20 0
F: W(94)4.9 M: G(133)6.5 20 1
Ovens W x Kiewa M: P(98)2.8 F: K(151)3.1 240 0
M: P(98)1.6 F: K(151)5.4 15 5
M: P(98)1.6 F: K(151)1.20 105 0
M: B(99)12.9 F: K(151)2.2 570 1
F: B(99)12.5 M: K(151)1.7 360 2 21 1.4 4 CIII 8
F: B(99)12.7 M: K(151)1.11 155 0
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F: B(99)13.2.9 M: K(151)1.14 0
mII C x mII N M: W(94)2.4 F: L(79)1.1 90 0
M: HR(95)2.23 F: T(162)3.5 90 1 2.1 4 RXVIII 10
F: B(128)6.13 M: T(153)1.5 165 1 25 1.3 1 & 1 mII & RIV 9
F: HR(95)2.5 M: B(154)1.9 110 2
F: K(28)1.7 M: T(153)1.7 75 0
Kiewa x Mt Beauty M: K(151)1.14 F: MB(103)1.2.13 120 1 49 1.5 6 RXVI 11
M: K(151)1.13 F: MB(103)1.2.14 120 1 90 1.9 6 RXVI 11
M: K(151)1.14 F: MB(103)1.2.12 4
F: K(151)1.24 M: MB(103)1.2.7 40 3
F: K(151)5.2 M: MB(103)1.2.7 200 4
F: K(151)1.21 M: MB(103)1.2.7 60 4
Ovens E x Ovens W M: G(100)8.12 F: P(98)4.3 620 2
M: G(100)8.12 F: E(97)1.3 75 6 25 1 1 RXIV 12
M: G(100)8.12 F: E(97)4.4 195 4
F: G(100)7.4 M: P(98)2.1 40 0
F: G(100)11.2 M: P(98) 2.2   360 0
F: G(100)8.8 M: P(98)2.2 1
F: G(100)9.4 M: B(99)12.7 75 3
Buckland x Ovens W M: B(102)3.1.4 F: P(98)2.13 1 60 0.8 7 RXIV 13
M: B(102)3.1.4 F: P(98)1.2 480 1 73 1.3 1 RXIV 13
M: B(102)1.1.6 F: B(99)13.2.8 30 0
F: B(102)3.3.5 M: P(98)2.1 190 2 76 1.9 6 RXIV 13
F: B(102)3.3.7 M: P(98)2.2 160 4 30 0.6 12 RXIV 13
F: B(102)1.1.9 M: P(98)1.1.9 90 2
Wandiligong x Ovens W M: W(101)3.6 F: P(98)4.1 100 1 44 1.5 7 RXIV 14
M: W(101)3.6 F: E(97)4.3 90 0
F: W(101)1.3 M: P(98)1.6 180 0
F: W(101)1.4 M: E(97)4.1.5 4
F: W(101)5.3 M: P(98)2.2 300 0
mII x chains
CIIIE x mII M: E(155)3.6 F: T(162)3.6 75 1 85 1.9 6 RX+RVIII 15
M: E(155)2.8 F: B(154)1.14 0
M: E(155)2.6 F: B(154)1.15 30 2 74 1.4 6 RX+RIV 16
F: E(69)2.1 M: W(94)2.9
F: E(155)2.12 M: T(153)1.7 180 0
F: E(155)2.15 M: B(154)1.9 30 0
CVIIS x mII F: E(69)2.1 M: W(94)2.0 10 3
F: P(157)1.22 M: B(154)1.6 225 2
F: P(157)1.23 M: HR(95)2.23 5 0
M: P(157)1.13 F: T(153)1.29 2 15 1.8 7 RXVIII 17
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M: P(157)1.13 F: B(154)1.12 150 1
M: P(157)1.24 F: B(154)1.16 75 3 19 2.2 5 RXVIII 18
mII C x CIX M: W(94)2.6 F: H(114)3.13 75 6 4 RXVI+CIII 19
M: B(128)6.10 F: X(110)4.4 75 0
F: W(94)4.14 M: BJ(105)3.11 360 0
F: K(28)2.5 M: BJ(105)1.10 435 0
mII N x CV M: T(153)1.5 F: B(122)9.5 195 4
M: B(154)1.5 F: B(112)9.11 0
F: B(154)1.11 M: B(122)1.3 190 1 100 1.9 5 RX 20
F: T(153)1.28 M: B(112)6.7 280 2
Chains
CV+CV x CVII+CIIIS M: W(17)3.5 F: Y(49)1.12   180 0
M: W(135)10.19 F: I(143)1.15 2 102 2.3 6 CV+CV 21
M: W(135)10.5 F: I(143)1.13 2 49 1.2 4 CV+CV 21
F: W(17)3.20 M: Y(49)1.10   60 0
F: A(46)1.11 M: K(141)3.3   0
F: W(135)10.16 M: K(141)3.8 390 0
CV+CV x CIX M: W(17)3.8 F: R(77)4.7 0
M: W(17)3.9 F: T(106)15.2 3 38 1.6 6 CIX 22
M: W(17)3.10 F: K(52)1.2 0
F:W(135)10.18 M: DD(104)9.2.6 39 1.7 13 CVII+CIII 23
F: W(135)6.1 M: CC(74)3.4 615 0
F: W(17)4.6 M: H(114)3.11 1
CVII+CIIIS x CIX M: Y(49)1.9 F: R(77)3.1 0
M: Y(49)1.10 F: LS(82)2.6 0
M: K(141)3.7 F: X(110)5.3 150 0
M: K(141)3.8 F: BJ(105)1.11 0
F: I(143)1.11 M: DD(104)9.12 90 1
F: I(143)1.14 M: BJ(105)1.8 2 70 1 6 CVII+CIII 24
F: K(141)4.2.8 M: BJ(105)1.9 300 0
CV+CIII x CVII+CIIIN M: P(66)3.6 F: G(118)5.20 90 0
M: N(90)1.3 F: G(118)2.4 2 60 1.4 6 CV+CIII 25
M: N(90)1.6 F: G(118)8.10 60 0
M: N(90)1.6 F: G(118)8.15 75 0
F: P(156)1.6 M: G(118)5.15 300 1 39 2.19 6 CVII+CIII 26
F: RT(92)1.1 M: G(118)8.21 260 2 44 1.3 6 CVII+CIII 27
F: P(66)3.8 M: G(118)8.5 510 1 34 1.8 3 CXI+RX 28
CV+CIII x CV M: P(66)3.6 F: M(121)1.2 140 1 50 1.1 6 CV 29
M: N(90)1.4 F: ATF(56)1.4 60 1
M: N(90)1.4 F: B(122)9.4 60 0
M: N(90)1.5 F: B(112)9.8 0
173
F: N(90)1.7 M: B(122)9.3 190 1
F: N(90)3.5 M: B(122)9.3 350 4
F: N(90)3.4 M: B(122)1.1 30 0
CVII+CIIIN x CV M: G(118)5.16 F: B(122)6.5 190 0
M: G(118)5.15 F:M(121)1.3 190 1 65 1.6
M: G(118)8.21 F: B(122)9.6 75 1 12 1.9 5 CV 30
F: G(118)8.17 M: B(122)9.3 100 1 100 3.015 6 CVII+CIII 31
F: G(118)8.12 M: B(122)1.1 600 0
F: G(118)5.19 M: W(120)5.9 0
CVIIS x CIIIE M: P(157)1.25 F: E(155)2.13 0
M: P(157)1.26 F: E(155)1.16 0
M: P(157)1.25 F: E(155)1.17 130 0
F: P(157)1.11 M: E(155)2.8 90 1 46 1.47 6 CXIX 32
F: P(157)1.10 M: E(155)2.5 1 3
F: P(157)1.18 M: E(155)2.5 585 0
CVIIS x CV M: P(157)1.8 F: B(112)9.14 75 0
M: P(157)1.7 F: M(121)4.5 60 1 77 2.5 6 CV 33
M: P(157)1.8 F: M(121)4.7 195 0
F: P(157)1.14 M: B(122)1.3 640 1 27 1.2 3 CXXI 34
F: P(157)1.15 M: W(120)5.9 1
F: P(157)1.16 M: W(120)5.9 0
CIIIE x CIX M: E(155)2.5 F: LP(107)4.7 145 2 12 2 RXVI+CIII
M: E(155)2.6 F: X(110)4.10 30 1
M: E(155)2.7 F: R(77)1.8 285 1 82 1.8 6 RXVI+CIII 35
F: E(155) 1.10 M: DD(104)9.10 0
F: E(155)2.13 M: DD(104)9.10 255 0
F: E(155)2.14 M: BJ(105)1.6 0
CVIIS x CVIIN M: P(157)1.7 F: P(61)1.4 180 0
M: P(157)1.13 F: P(61)1.5 210 0 72 2.2 6 CXIII+RVIII 36
F: P(71)4.1 M: P(61)2.4 0
CIX+CIII x CV M: GS(119)2.4 F: D(57)1.2 0
M: Q(127)3.7 F: M(121)4.4 615 2 63 1.3 11 CXI+RX 37
M: Q(127)9.10 F: SR(60)4.7 0
F: G(63)2.3 M: SR(60)4.5 5
F: GS(119)2.7 M: B(122)1.1 510 0
F: GS(119)13.2 M: M(121)4.6 0
F: Q(127)3.13 M: S(58)1.4 0
CV+CV x CV+CV M: W(135)10.7 F: G(140)4.8 60 1 83 1.2 3 CV+CV 38
M: W(17)3.11 F: W(135)1.2 60 0
M: W(135)10.4 F: W(17)4.7 320 0
CIX x CIX F: H(114)3.2.5 M: R(77)4.8 40 1 35 1.2 3 CIX
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No. = number. See Appendix 1 for the regions shown in column one. Columns two and three give the sex of the 
individuals crossed (M=male, F=female), followed by the site and individual identifi ers (see preface).
Appendix 3
Table A3 Results for unsuccessful crosses
F: CC(74)3.5 M: R(77)4.4 10 1
F: CC(74)3.8 M: LS(82)2.4 10 1
F: DD(104)4.1 M: CC(74)2.4 615 0
F: H(114)1.9 M: BJ(105)3.9 615 0
F: LS(82)1.9 M: DD(104)9.7 270 0
Populations crossed (site 1 
x site 2) Site 1 Site 2
Time to 
mating in 
minutes (if 
observed)
No. egg 
sacs
CXIII x CIX F: A(111)1.6 M: DD(104)9.4 0
F: A(111)1.4 M: BJ(105)1.6 0
F: A(111)1.7 M: BJ(105)3.7
CV+CIII x CVIIS M: P(66)3.7 F: P(157)1.19 120 2
M: P(66)3.7 F: P(157)1.20 35 0
M: P(156)2.10 F: P(157)1.27 30 0
F: P(156)1.7 M: P(157)1.9 0
F: P(156)2.11 M: P(157)1.28 30 0
F: P(156)1.9 M: P(157)1.25 75 2
CV x B(112) F M: B(122)1.3 F: B(112)2.1.6 0
CIX+CIII x CVII+CIIIN M: GS(119)2.9 F: G(118)5.4 440 0
M: Q(127)9.9 F: G(118)8.22 270 0
M: Q(127)9.5 F: G(118)8.24 60 0
F: G(63)7.1 M: G(118)8.7 0
F: G(63)8.3 M: G(118)8.8 2
F: Q(127)6.2 M: G(118)8.23 240 0
mII N x CIX M: T(153)1.7 F: H(114)3.12 195 0
M: B(154)1.6 F: H(114)3.9 0
F: T(153)1.10 M: DD(104)9.10 75 5
F: B(154)1.10 M: BJ(105)3.7 225 1
CIX x CV M: DD(104)9.11 F: C(123)2.2 0
M: BJ(105)1.4 F: S(58)2.2.1 0
M: BJ(105)1.5 F: S(58)1.5 20 0
F: C(73)5.1 M: ATF(56)1.8 0
F: H(114)1.10 M: B(122)9.3 480 0
F: DD(104)9.8 M: B(122)1.1 90 0
mII C x CV M: HR(95)2.21 F: M(121)3.5 525 0
M: W(36)3.5 F: M(121)3.2 75 0
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Table A4 F2 cross details
F: W(94)4.8 M: B(112)6.7 105 2
F: K(34)4.3 M: B(122)9.3 75 0
F: W(94)4.12 M: B(122)9.3 320 0
CVIIS x CIX M: P(157)1.13 F: X(110)5.15 0
M: P(157)1.25 F: H(114)1.11 100 0
M: P(157)1.26 F: LP(107)4.4 375 3
F: P(157)1.12 M: DD(104)9.4 640 0
F: P(157)1.17 M: DD(104)9.4
F: P(157)1.21 M: BJ(105)3.5 0
CVII+CIIIS x CVII+CIIIN M: Y(49)1.7 F: CC(89)1.1 1
M: Y(49)1.8 F: G(118)3.2.3 0
M: K(141)3.7 F: G(118)5.8 75 0
F: X(51)1.9 M: G(118)8.4 0
F: Y(49)1.13 M: G(118)5.17 0
F: I(143)4.4 M: G(118)8.23 380 0
CIX+CIII x CIX+CIII M: Q(127)2.4 F: GS(119)4.6 320 0
M: GS(119)2.22 F: Q(127)2.7 60 0
M: Q(127)2.5 F: Q(127)9.17 320 1
Cross description
Time to mating 
in minutes (if 
observed)
No. egg sacs
No. 
successful 
egg sacs
No. 
hatchlings No. adults
Crosses 13 & 14 in-cross       
mII1 x mII5
50 2 1 1
60 4
60 6
150 3
60 6
0
4
9
60 0
Cross 10 female x cross 3 male 150 0
Cross 9 female x cross 4 male 0
Cross 38 incross               
CIX+CIII x CV
1
70 4 1 2
120 0
0
300 5
3 2 6 1
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Appendix 5
Interpretation of results from crosses between chain carrying karyomorphs.
 Crosses among the various single and double chain carrying karyomorphs 
produced three categories of hybrid males: those with karyotypes that appear identical 
to one of the parental populations, those with confi gurations that appear identical 
to forms found near the parental populations in the fi eld, and those with karyotypes 
unlike anything found in the fi eld. In the absence of chromosome specifi c markers, 
interpretation of such results is speculative and fraught with uncertainties. The principal 
source of error is that there are many different fusion combination possible with 43 
chromosomes in the putative ancestral tII complement (chapter 5), and relatively few 
possible meiotic confi gurations (46). This means that the same confi guration can be 
formed by many different combinations of fusions, especially large multiples. However, 
bivalents, where present in hybrids, provide reliable indications of homology of fusion 
combinations.
 One aspect of this system that assists greatly in the interpretation of these results 
is the sex linked nature of single and double chains. Sex linked multiples segregate 
alternately, meaning that all odd numbered elements segregate with the X, and so are 
neo-X’s, and even numbered elements segregate away from the X, making them neo-
Y’s (although no actual Y chromosomes are present). This means that all chromosomes 
in each X or Y fusion set are linked to the other members of their set, despite not being 
physically attached. This prevents random assortment of chromosomes involved in 
chains. The two fusion sets that make up a chain are only found together in males, 
females being homozygous for the X set. Even in double chain systems, all fusions 
in the two multiples are linked into the same two sets, because X chromosomes are 
included in both chains, and must co-segregate (see Sharp & Rowell 2007, Figures 3 
and 7). Therefore, meiosis in males of single or double chain karyomorphs results in 
two types of sperm: female determining sperm carrying the X’s and all X linked fusions, 
and male determining sperm, with the Y linked fusions. All autosomes not involved in 
chains are expected to segregate independently, although the specifi c arm combination 
of such fusions can be broadly included in both X and Y fusion sets.
 Hybrid males are expected to inherit the X set of fusions from the maternal 
karyomorph, and the Y set from the paternal karyomorph. Therefore, the homology 
relationships observed at meiosis in such males should refl ect the similarities and 
differences between these fusion sets from the two forms. With the above linkage 
relationships taken into consideration, certain general rules can be applied to this data:
 - If hybrid males inherit the male karyotype of their mothers’ population, then 
the karyomorphs crossed probably share Y fusion sets, but differ in the X set. This is 
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because such a male has the X set from the mothers’ population, and has shown the 
male karyotype characteristic of that population, despite having a Y set from another 
karyomorph. This indicates that the Y set of the paternal karyomorph has the same 
pattern of homology as the Y set of the maternal karyomorph does with the X set from 
the maternal karyomorph. Therefore, these Y sets must either include the same fusion 
combinations, or happen to be different in such a way as to coincidentally recreate the 
meiotic confi guration characteristic of the maternal karyomorph.
 - If hybrid males inherit the male karyotype of their fathers’ population, then 
by the same logic as above, the karyomorphs crossed probably share X fusion sets and 
differ in the Y set. Such karyomorphs must logically share X fusion confi gurations, 
meaning that they must both be of the same type of karyomorph (single or double 
chains).
 - If hybrid males carry a meiotic confi guration that is dissimilar to both parental 
forms, but is found in the fi eld, then that karyomorph may share one fusion set with 
each of the parental karyomorphs used, and the parental karyomorphs share neither 
fusion set. However, it is also possible that a hybrid karyotype could be coincidentally 
similar to a known karyomorph, and is actually constructed of a different combination 
of fusions.
  - If hybrid males have a meiotic confi guration that is dissimilar to all known 
karyomorphs found in the fi eld, then, as above, the fusion sets combined in such males 
are not shared between parental forms. It is possible that the fi eld collections failed 
to locate that form, or that they are not common in the fi eld. If the meiotic multiples 
carried by such a male are small, then the presence of bivalents indicates shared 
autosomal fusions. If the multiple includes all the chromosomes however, then no 
fusions are shared by the particular X and Y fusion sets tested.
Appendix 6
Contradictory results
 Conducting hybridization experiments between populations with uncertain 
distributions, in a system in which only one sex can be classifi ed, is inherently risky as 
there is no guarantee that individuals used carry any particular karyomorph. It should 
therefore not be surprising that certain crosses give contradictory results. The following 
is a brief outline of why these particular results have been discredited, and the most 
likely reasons for the discrepancy.
 Cross 28 (Table 3) suggests that the CVII+CIIIN Y set and the CV+CIII X 
set differ by all assessable fusions, however all the remaining crosses (25-27, 29-31) 
indicate that these karyomorphs share at least six fusions, a mutually exclusive result. 
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Moreover, as the hybrid males carry a single chain confi guration, the female used for 
this cross must carry at least one set of X fusions from a single chain karyomorph. This 
female was caught at site P(66) along with only six males, three of which were in the 
same colony, and all six of which carried the CV+CIII karyomorph.
 Crosses 33 and 34 (Table 3) are contradictory, as they produce a CV and CXXI, 
respectively. The male used in cross 33 was cannibalized by the female, so could not 
be analysed cytologically. The male used in cross 34 was analysed cytologically, and 
is clearly CV. The females are of dubious ancestry however, as only fi ve males were 
analysed cytologically from site P(157) where they were both collected. The area 
around P(157) is highly diverse, meaning that this site is likely to support a mixture 
of other karyomorphs. Thus it is not know which of these crosses is more likely to be 
correct, so both have been left out of most analyses and discussions.
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“I was confused and uncertain about all the little details of life. But now, while I’m still 
confused and uncertain it’s on a much higher plane, and at least I know I’m bewildered 
about the really fundamental and important facts of the universe”
Equal Rites by Terry Pratchett
Chapter 5
A simulation study of chromosomal evolution: fusion 
saturation and fi xed sex-linked fusion hetrozygosity in 
Delena cancerides.
Abstract
Chromosomal rearrangements have many effects on the genome, and are 
implicated in speciation, but little is known about the tempo or mode of chromosomal 
evolution. In order to test hypotheses about the evolution of an extremely 
chromosomally variable species of spider, a model was designed to simulate fusion 
saturation and fi xed sex-linked fusion heterozygosity. Delena cancerides (araneae: 
Sparassidae, Walckenaer) encompasses twenty three chromosomally and geographically 
defi ned populations referred to as karyomorphs. These include karyomorphs with 
the putative ancestral confi guration of 43 telocentric chromosomes in the male (46 
in the female), and many fusion saturated karyomorphs with 21 metacentric and 
one telocentric chromosome in males. Populations saturated for fusions are either 
homozygous for fusion combinations, or carry various degrees of fi xed heterozygosity 
resulting in one or two sex-linked chains of chromosomes at male meiosis. The range 
of chromosomal forms now known from the fi eld, and those produced by hybridization 
experiments, were compared with the expectations generated by computer modelling. 
This has shown that the currently accepted catastrophic pan-fusion (CPF) hypothesis 
does not explain the observations well. Instead, fusions have probably accumulated 
gradually, meaning that chains have built up by the successive inclusion of new fusions. 
Fusion saturation appears to have occurred independently in each of the groups of 
karyomorphs known to make up mtDNA clades. Introgression of fusions, WART 
mutations and reticulation of lineages through zonal raciation are all likely to have 
contributed to the observed diversity. Meiotic drive is likely to have been involved in 
the fusion saturation observed in this species, as well as in spiders more generally.
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Introduction
Chromosomal rearrangements have long been thought to cause speciation, yet 
very little is known about what causes chromosomal evolution. Most research in this 
fi eld has focused on describing the diversity present in various groups, and investigating 
whether that diversity might cause reproductive isolation and speciation. Many models 
have focused on malsegregation of chromosome multiples during meiosis, resulting 
in reduced fertility of hybrids (White 1978b; King 1993). More recent models have 
investigated the linkage of genetic isolation loci with rearrangements that change 
recombination patterns (Trickett & Butlin 1994; Rieseberg 2001; Brown et al. 2004; 
Ayala & Coluzzi 2005). Despite this extensive body of work, relatively little is known 
about the triggers of chromosomal change, or the pace of chromosomal evolution. This 
information is important to the speciation question; however, this is very diffi cult to 
investigate and few species have been well characterized.
 What can be observed in the available literature is that the pace of chromosomal 
evolution is highly variable, and the types of rearrangements fi xed in different groups 
appear to be non-random. The rate of chromosomal evolution is clearly not equal 
among lineages, as some groups are highly variable, while others have remarkably static 
genomes (King 1993). Even within lineages, the pace of change is clearly not constant. 
Some groups appear to have experienced episodes of rapid change, interspersed by 
periods of relative stasis (King 1982; Baverstock et al. 1983a; Wichman et al. 1991; 
Nachman & Searle 1995; Cook 2000; Dobigny et al. 2002). Furthermore, some 
groups carry many of the same type of rearrangement (White 1973; King 1993). For 
example, inversions are common in Drosophila species (Krimbas & Powell 1992); 
tandem fusions are generally rare, but many are observed in Muntjac deer (Wang & 
Lan 2000), and several groups have accumulated predominantly Robertsonian (Rb) 
fusions (Baverstock et al. 1983b; Rowell 1985; Searle 1990; King 1993; Qumsiyeh 
1994). It is uncertain whether this pattern refl ects the rate of occurrence of the 
various rearrangements in these groups, or is driven by processes which make some 
rearrangements more likely to be fi xed in some groups than others. Increased mutation 
rates due to transposable elements or satellite DNA evolution have been suggested by 
several authors (Wichman et al. 1991; Hurst & Werren 2001; Lönnig & Saedler 2002). 
Selection for linked alleles, changed recombination regimes, or protection for co-
adapted gene complexes have also been proposed (Charlesworth & Charlesworth 1980; 
Qumsiyeh 1994; Bidau & Marti 2005). Furthermore, meiotic drive is known to favor 
fi xation of some types of rearrangement by distorting segregation (Pardo-Manuel de 
Villena & Sapienza 2001a, 2001b).
 Spiders are a particularly interesting group because their chromosomal evolution 
appears to be an all-or-nothing process; species either have the presumed ancestral 
confi guration of entirely telocentric chromosomes, or are saturated for Rb fusions 
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producing half as many metacentric chromosomes (Rowell 1990). That very few 
examples of intermediate confi gurations have been found suggests that chromosomal 
evolution in spiders is rapid (see Maddison 1982 for exception). That Rb fusions are the 
predominant rearrangement observed in spiders suggests that either spider chromosomes 
are particularly susceptible to Rb fusions, or that spider populations readily fi x these 
rearrangements.
 Delena cancerides is an Australian native huntsman spider which has undergone 
fusion saturation across most of its range, leaving three peripheral populations with the 
putative ancestral un-fused chromosomal confi guration. This species follows the all-
or-nothing rule (Rowell 1990) as only hybrid individuals carry a substantial mixture 
of telocentric and metacentric chromosomes (Hancock & Rowell 1995; Sharp & 
Rowell 2007). Up to six different populations have been identifi ed in which Rb fusion 
saturation has resulted in metacentric bivalents at meiosis (Chapter 4). Fusion saturation 
refers to the accumulation of as many fusions as possible given the odd number of 
chromosomes in the ancestral complement. In most populations fusion saturation has 
resulted in fi xed sex-linked fusion heterozygosity. This means that males carry one or 
two chains of chromosomes of various lengths which segregate as sets of neo-X and 
neo-Y chromosomes. Chains can include three to nineteen chromosomes of a possible 
twenty two. Females in these populations carry bivalents as they have two copies of the 
neo X set of fusions (Sharp & Rowell 2007).
 Fixed translocation heterozygosity is amongst the most diffi cult chromosomal 
systems to explain as it requires individuals to segregate large chromosome multiples 
(chains or rings) as a regular part of reproduction. When chromosome multiples are 
observed in the context of hybrid zones, they are generally associated with reduced 
fertility due to malsegregation and germ cell death (King 1993). Malsegregation rates 
are generally in proportion to the size of the multiple as multiples of four or fewer 
chromosomes often segregate well, but larger multiples generally cause signifi cant 
reductions in fertility. However, malsegregation rates can be highly variable and may 
depend on the age, sex and genotype of the individual in question (Gropp & Winking 
1981; Searle et al. 1990; Searle 1993; Munné et al. 2000). Therefore, populations 
which carry large multiples as a fi xed system either have innately superior segregation 
capabilities or have evolved such in order to maintain fi tness (Grüetzner et al. 2006). 
That there is likely to be a fi tness cost to carrying multiples raises the question: why 
would multiples become fi xed in a population?
 A variety of explanations for translocation heterozygosity have been suggested. 
Various authors have proposed that fi xed heterozygosity was produced by hybridization 
(Cleland 1972) or built up gradually within populations (Darlington 1931; Ogawa 1954; 
Darlington 1973; Syren & Luykx 1981). Translocation heterozygosity can either be 
autosomal meaning that every member of the population carries chromosome multiples, 
or it can be sex-linked meaning that only the heterogametic sex carries multiples (see 
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Grüetzner et al. 2006 for review). In plants such as Isotoma petraea translocations 
are autosomal and populations with multiples are more inbred than those without, 
so structural heterozygosity is thought to have been selected for because it captures 
and preserves allelic heterozygosity (James 1965; Cleland 1972; Charlesworth & 
Wall 1999). In plants and animals with chromosomal sex determination, translocation 
heterozygosity tends to be sex-linked. Maintenance of such systems may be related 
to successful sex determination as in echidna and platypus (Grüetzner et al. 2004; 
Grüetzner et al. 2006). Sex-specifi c advantage of certain alleles has been argued for 
(Charlesworth & Charlesworth 1980; Charlesworth & Wall 1999). In termites sex-linked 
multiples appear to have arisen a number of times, and it has been suggested that they 
were selected for because they increase relatedness or uniformity within colonies (Lacy 
1980, 1984; Rowell 1986) but this may be unlikely (Leinaas 1983; Crozier & Luykx 
1985). This has also been proposed to explain the fi xed translocation heterozygosity 
in D. cancerides (Rowell 1985, 1986) but was later reconsidered (Rowell 1987a). 
However, a number of other hypotheses remain viable.
The origin of fusion saturation, and the evolution of fi xed sex-linked 
fusion heterozygosity in D. cancerides.
 In 1987, Rowell proposed three hypotheses for how fusion saturation and chain 
formation evolved in this species (Rowell 1987b (PhD thesis)). Several other papers 
have been published extending this work (Rowell 1986, 1990, 1991).  The following is 
a brief review of these hypotheses.
 - Catastrophic Pan-Fusion (CPF). In individuals carrying the ancestral 
confi guration of all telocentric chromosomes (tII) random fusions ran to saturation 
within one or a few generations. Possible fusion triggers include transposable element 
invasion and environmental toxins. Malsegregation of chromosome multiples resulted 
in selection for improved segregation mechanisms, which eventually returned the now 
fusion saturated populations to full fi tness (Rowell 1987b).
  - Sharp & Rowell 2007 extended this hypothesis to include drift and 
selection for homozygosity prior to the return to full fi tness. This would allow the 
diversity of fusions initially present to resolve down to the bivalents and relatively short 
sex-linked chains observed presently.
 - Hybridization. Following CPF, selection against multiples due to 
malsegregation was intense, meaning that fusions were predominantly fi xed in the 
homozygous state. These populations then hybridized to produce karyomorphs with 
longer chains. An example was given of how populations with metacentric bivalent 
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(mII) and a chain of three (CIII) could hybridize to produce CV or CIX karyomorphs. 
There are three different versions of this hypothesis: one presented in Rowell (1987b), 
and two somewhat modifi ed versions published later (Rowell 1990, 1991).
Fig. 1 Schematic representation of the hybridization model.
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  - Rowell (1987b) proposed a process where a hybrid zone between 
an mII and a CIII karyomorphs could become modifi ed by separation of the clines 
representing different sex linked and autosomal sets of fusions. This requires the loss of 
hybrid females and one of the reciprocal male types. Three suggestions were made for 
why these hybrids might be lost or selected against;
   - Hybridization was rare and the excess forms were lost by 
chance.
   - Genetic incompatibility between the autosomes of one parental 
karyomorph, and one or all of the X’s from the other parental.
   - Malsegregation of the rings in the unwanted males and the 
structurally heterozygous X’s in the females reduced the fertility of these forms.
 This model is conceptually very similar to the hypothesis proposed in Chapter 4 
of this thesis for recombinant hybrid zones. However, in Rowell’s (1987b) hypothesis 
the clines continue to move away from one another indefi nitely, potentially resulting in 
the replacement of the CIII male confi guration with longer chain carrying males. This 
was thought to be due to introgression of autosomal fusions from the mII population, 
which extend the CIII to CV or CIX. Introgressed fusions would become Y-linked, and 
some autosomes from the CIII population would become join the X-linked set (Figure 
1).
  - Rowell (1990) modifi ed this hypothesis by removing the necessity for 
selection to act against females and one male type. Indeed, the model was purported 
to “require no selection whatsoever.” Instead, the greater numbers of the desired males 
produced in early generations of hybridization were thought to swamp the parental 
population, driving the cline forward. This model was described as an option open to 
hybridizing populations, as an alternative to the speciation by monobrachial centric 
fusions model (SMCF, Baker & Bickham 1986, see Sharp & Rowell 2007 for review). 
Under SMCF, multiple carrying hybrids suffer reduced fertility due to malsegregation, 
which leads to speciation of the hybridizing populations. This model is an alternative 
to SMCF because it allows for improved segregation mechanisms to evolve within the 
hybrid zone, which may result in the spread of the chain carrying hybrid form.
  - Rowell (1991) modifi ed the 1990 hypothesis to incorporate selection 
for the chain carrying male hybrid. Positive selection was thought to be due to 
hitchhiking with a novel combination of alleles. Co-adapted gene complexes are likely 
to be broken up by recombination in novel areas of the genome in hybrids, and the 
resultant new combinations will have a wide range of selective values. If, on average, 
the hybrid combinations are selected for, then the chain carrying male type may also be 
selected for. This would result in the spread of chain carrying males at the expense of 
the parental populations.
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 - Successive Inclusion
  - SI 1. In populations carrying the tII confi guration fusions accumulated 
gradually over many generations. Chains were initiated by fi xation of an X-autosome 
fusion, and grew in length as fusions occurred which involved the telocentric 
chromosome at the opposite end of the chain. Autosomal fusions which did not involve 
this chromosome would be fi xed in the homozygous condition (Rowell 1987b).
  - SI 2. tII populations were saturated with fusions in the homozygous 
state to produce mII populations. An X-autosome fusion was created by fi ssion of X-X 
and autosome-autosome fusions followed by re-fusion, to produce a CIII confi guration. 
Further fi ssions and fusions caused a stepwise increase of chain length (Rowell 1987b).
 In the original work, SI 2 was rejected on the basis that fi ssions were thought to 
not occur in spiders due to the all-or-nothing fusion rule (Rowell 1987b, 1990). SI 1 was 
rejected on the basis of the following predictions:
 - Around 50% of individuals with one X-autosome fusion would have chains 
made up of an even number of chromosomes, which cannot segregate to make balanced 
gametes and are therefore infertile.
 - All individuals with two or more X-autosome fusions would have to have 
an even numbered chain, and are also likely to have “mechanical diffi culties” 
during meiotic prophase X-clustering. Therefore, all individuals with more than one 
X-autosome fusion should be infertile (Rowell 1987b).
 With the rejection of the SI models, a combination of the CPF and hybridization 
hypotheses have since been accepted. However, these hypotheses have never been 
explicitly tested. By simulating the random fusion of chromosomes unto saturation in a 
single D. cancerides genome, the fusion model described below simulates the scenario 
outlined by the CPF hypothesis. This simulation was used to generate an expected 
distribution of chain lengths and confi guration types based on X fusion confi guration. 
This was then compared to the observed karyomorphs (confi gurations found fi xed in 
fi eld populations) and karyotypes (confi gurations produced by hybridization). This 
study seeks to assess the plausibility of these hypotheses, and to discuss the processes 
most likely to have been involved in the evolution of the chromosomal diversity 
observed within this intriguing species.
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Materials and Methods
 The fusion model was designed by Dr Mike Double using macros written for 
Microsoft Excel (Appendix 1). The simulation begins with a hypothetical male genome 
including twenty pairs of autosomes and three X’s, which were randomly fused together 
until a single chromosome remained un-fused (fusion saturation). Chromosomes were 
allowed to fuse to any chromosome other than their homologue, as homologues fused 
together cannot undergo segregation to produce balanced gametes, resulting in infertility 
of the carrier. The fusion products were then paired according to homology (as in 
meiosis) to determine the meiotic confi guration (karyotype) of a hypothetical male 
with that combination of fusions. Karyotypes with rings made up of odd numbers of 
chromosomes or chains with even numbers of chromosomes were deemed inviable by 
the model because they too cannot undergo segregation to produce balanced gametes. 
The number of iterations that produced each karyotype was tallied, and the results were 
analysed using Excel. Two versions of the model were run. In the fi rst version, both 
viable and inviable forms were saved; in the second, only viable forms were saved. 
 In order to independently verify the results of this model, the expected 
proportion of the four types of confi gurations (see below) were calculated. These 
calculations cannot take into account fusion of homologues, even numbered chains or 
odd numbered rings, so are intended as approximations only.
 Assuming that all possible fusions are equally likely, then the probability of 
each confi guration is the total number of ways the confi guration type can occur divided 
by the total number of fusion confi gurations.  If one begins with an odd number of 
chromosomes (2n+1), then it can be shown that the total number of possible fusion 
confi gurations is:
 To see this, consider all the possible ways of ordering (2n+1) objects: . 
For each ordering a fusion confi guration can be created by fusing the fi rst 
two chromosomes, the second two and so forth, creating n fusions. However, this 
method of generating a fusion confi guration will have a lot of duplication. Within each 
of the n pairs, the order is unimportant, and across the n pairs, ordering is unimportant. 
Once these duplications are accounted for, one obtains the formula above. The same 
reasoning applies when calculating the total number of possible fusion confi gurations 
when starting with an even number of chromosomes (2n):
 D. cancerides males carry an odd numbered diploid complement of 43 
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chromosomes (40 autosomes and three X chromosomes). Assuming that fusions 
occurred in a male diploid cell, we performed calculations for 43 chromosomes. 
Alternatively, assuming fusions occurred in a haploid complement, we performed 
calculations for 23 chromosomes (20 autosomes and three X’s).
 
 There are four possible confi gurations in which the X chromosomes can be 
fused:
 - mII - Two X’s fused to each other, and the third X is un-fused. This form 
carries all autosomes as metacentric bivalents at meiosis (Sharp & Rowell 2007 Figure 
2 C).
 - Real single chain - Two X’s are fused to each other, and the third X is fused 
to an autosome, which initiates a single chain of chromosomes at meiosis. This form is 
referred to as ‘real’ due to the similarity to all single chains found in the fi eld (Sharp & 
Rowell 2007 Figure 5).
 - Absent single chain - Two X’s are fused to autosomes, and the third X remains 
unfused, resulting in a single chain of chromosomes at meiosis with an X at each end.
This form is referred to as ‘absent’ because this confi guration has never been observed 
in a fi eld caught spider (but see Chapter 4 Figure 4 D).
 - Double chain - All three X’s are fused to autosomes, causing the formation of 
two separate chains of chromosomes at meiosis (Sharp & Rowell 2007 Figure 6).
 The total number of mII confi gurations is just the total number of possible X 
fusions that pair up two of the X’s (three) times the total number of possible fusions 
using the remaining (2n-2) chromosomes. It can be shown to be:
By a similar logic, one can show that the number of possible real single chains is:
The number of possible absent single chains is:
The number of possible double chains is:
  Additionally, a program was written in R to calculate the probability of the same 
fusion occurring independently in two separate populations by chance. This program 
can be found in Appendix 2, and is based on the same assumptions as the fusion model.
 These calculations and simulations were used to generate expectations against 
which to compare the karyomorphs and karyotypes observed in this species. The 
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following karyomorph names begin with a C if a chain is present, or an R if a ring 
is present, followed by roman numerals indicating the number of chromosomes in 
the multiple. Where two multiples are present, a “+” separates them. Field caught 
karyomorphs include up to six metacentric bivalent karyomorphs (mII1 - mII6, Chapter 
4), eight real single chain karyomorphs (CIIIE, CIIIW, CV, CVIIS, CVIIN, CIX, CXIII 
and CXIX), and six double chain karyomorphs (CV+CIII, CV+CV, CVII+CIIIS, 
CVII+CIIIN, CVII+CIIIt, and CIX+CIII) (Sharp & Rowell 2007). Karyotypes produced 
by hybridization include: RIV, RX, RXII, RXIV, RXVI, RXVIII, CXXI, RIV+RIV, 
RVI+RIV, RX+RIV, RX+RVIII, RXVI+CIII, CXI+RX, and CXIII+RVIII (Chapters 2 & 
4).
Results
 The fi rst version of the model was run 360,385 times, and found 141,973 viable 
forms, and 218,412 inviable forms. This indicates that, on the basis of random fusion 
in a male diploid, the proportion of fusion products that would be viable or inviable are 
0.394 and 0.606 respectively.
 The second version of the model was run 146,651 times, and recorded only 
viable forms. Most of the confi gurations found included ring multiples, which 
were treated as being equivalent to bivalents because un-sex-linked variation in 
populations is expected to drift to homozygosity with time. The confi gurations found 
by this simulation were categorized on the basis of the fusion confi guration of the X 
chromosomes into the four types described above: mII, real single chains, absent single 
chains and double chains. The relative proportions of these types are shown in Table 
1, with the proportions expected on the basis of the independent calculations. The 
simulated proportions are very similar to the calculated ones, and fall in between the 
haploid and diploid calculations. In addition, these calculations showed that 5.639 x 1026 
different fusion combinations are possible in this species.
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Table 1 Proportions of the four types of confi guration found by the model, along with calculations performed on the 
basis of a haploid (23 chromosomes) or diploid (43 chromosomes) chromosome complement.
 The simulated proportions show that 78.4% of confi gurations produced by 
CPF are expected to be of the double chain type. Absent and real single chains are 
expected to represent 10.5 and 10.8 % each, and mII is expected to be rare at 0.3%. 
Karyotypes that include sex-linked chains were also sorted according to the number of 
chromosomes in the chain/s (Tables 2 & 3). Long chains are clearly expected to be far 
more common than short chains. Figure 2 shows a summary of the results from version 
2 of the model, and indicates that large double chains can be expected to make up the 
vast majority of viable random fusion products. Small chains and mII are expected to be 
extremely rare.
Table 2 Number of iterations that resulted in real or absent single chains of various lengths.
Chain length Real Proportions Absent Proportions
CIII 423 0.027 415 0.027
CV 483 0.030 449 0.029
CVII 502 0.032 522 0.034
CIX 593 0.037 608 0.039
CXI 659 0.041 599 0.039
CXIII 809 0.051 753 0.049
CXV 935 0.059 888 0.058
CXVII 1,328 0.084 1,229 0.080
CXIX 2,011 0.127 2,020 0.131
CXXI 8,152 0.513 7,913 0.514
Total 15,895 1.000 15,396 1.000
Chromosomal confi guration
Expectations under null 
distribution - Simulation method 
Expected proportions under null 
distribution - Calculation
Numbers Proportions Haploid Diploid
  Double chains 114,964 0.784 0.745 0.862
  Real single chain 15,895 0.108 0.124 0.068
  Absent single chain 15,396 0.105 0.124 0.068
  mII 396 0.003 0.006 0.002
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Table 3 Number of iterations that resulted in various combinations of double chains.
 The observed distribution by chain type of karyomorphs in the fi eld differed 
greatly from the expected distribution from version 2 of the model (Figure 3 A). Out 
of the 20 described karyomorphs, 30% (6) were double chains, 40% (8) were real 
single chains, 30% (6) were mII, and absent single chains were not found. Although 
20 was a small sample, this difference in the confi guration type distribution was highly 
statistically signifi cant (χ2 = 9875.33, df = 3, p <<0.001). However, it should be noted 
that the sample of karyomorphs from the fi eld is not random, and as such provides only 
an approximation of the diversity present in this species.
Number of chromosomes in 
chains Chain lengths
Number of 
times found Total Proportions
6 3/3 491 491 0.004
8 3/5 977 977 0.008
10
3/7 1,202
1,769 0.015
5/5 567
12
3/9 1,314
2,688 0.023
5/7 1,374
14
3/11 1,573
3,906 0.0345/9 1,548
7/7 785
16
3/13 1,896
5,734 0.0505/11 1,907
7/9 1,931
18
3/15 2,563
9,032 0.079
5/13 2,535
7/11 2,622
9/9 1,312
20
3/17 4,145
16,539 0.144
5/15 4,240
7/13 4,058
9/11 4,096
22
3/19 16,364
73,828 0.642
5/17 16,479
7/15 16,361
9/13 16,228
11/11 8,396
Total 114,964 114,964 1.000
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Fig. 2 Number of confi gurations of various types and lengths found by the fusion model.
Fig. 3a Comparison of the proportions of fusion confi gurations from the fusion model (simulated), independent 
calculations (haploid and diploid) and fi eld observations. The null hypothesis that the distribution of chain types from 
the fi eld is no different to the distribution of chain types in the simulated fusion model was strongly rejected (χ2  test, 
p<<0.001, 3 df).
Fig. 3b Comparison of the number of chromosomes in chains in karyomorphs (confi guration found fi xed in fi eld 
populations), karyotypes (confi gurations produced by hybridization), and the expectations from the fusion model.
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 The probability of fusions being shared between populations by random chance 
is shown in Table 4. This indicates that shared fusions should be rare under CFP as the 
probability of a single bivalent in common between independently fused karyomorphs 
is 0.073, but two bivalents is 0.001, and three is 1.14 x 10-5. This means that the average 
number of shared fusions found by the hybridization experiments in Chapter 4 is 
implausibly large for most categories of cross (Table 5).
Table 4 The probability of chromosomal fusions being shared by random chance by populations which have 
undergone fusion saturation independently.
Number of fusions in common Probability
0 0.614
1 0.300
2 0.073
3 0.012
4 0.001
5 1.41 x 10-4
6 1.14 x 10-5
7 7.88 x 10-7
8 4.76 x 10-8
9 2.55 x 10-9
10 1.23 x 10-10
11 5.34 x 10-12
12 2.12 x 10-13
13 7.76 x 10-15
14 2.62 x 10-16
15 8.18 x 10-18
16 2.38 x 10-19
17 6.41 x 10-21
18 1.60 x 10-22
19 3.72 x 10-24
20 7.45 x 10-26
21 1.77 x 10-27
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Table 5. The average number of shared fusions indicated by various categories of cross in Chapter 4.
Chromosomes that could not be assessed (eg; X’s in crosses between karyomorphs with the same X confi guration) 
were assumed to differ between karyomorphs. P-values for the average number of chromosomes shared, taken from 
Table 4. Categories are as follows: Overall includes all crosses that produced offspring; Chains only includes crosses 
between chain carrying karyomorphs; mII only includes crosses between mII karyomorphs; Btw chains & mII only 
includes crosses between mII and chain carrying karyomorphs; Karyotype (chains only) only includes those crosses 
between chain karyomorphs that produced offspring carrying a karyotype; Karyomorph (chains only) only includes 
those crosses between chain karyomorphs that produced offspring carrying a karyomorph; Same clade only includes 
crosses between karyomorphs in the same mtDNA clade; Different clade only includes crosses between karyomorphs 
in different mtDNA clades; Diff clade (-crosses 9, 20, 29 & 30) only includes crosses between karyomorphs in 
different mtDNA clades with the indicated crosses excluded; In contact only includes crosses between karyomorphs 
that are parapatric; Not in contact only includes crosses between karyomorphs that are allopatric; Same X’s only 
includes crosses between karyomorphs that have the same X chromosome fusion confi guration; Different X’s only 
includes crosses between karyomorphs that have different X chromosome fusion confi gurations.
Discussion
 Since the hypotheses of Rowell (1987b) were proposed, a great deal of new 
information has become available about this species. Sixteen new karyomorphs have 
been identifi ed (Sharp & Rowell 2007, and Chapter 4), and many new karyotypes have 
been found in the fi eld (Chapter 2) or produced in the lab by hybridization experiments 
(Chapter 4). Phylogeographical analysis of mtDNA COI revealed the extremely long 
time this species appears to have persisted for, and the presence of ancient divisions 
Fusions 
shared 
Number of 
crosses
Average 
different
Average 
shared p-value
  Overall 155 20 13.250 7.750 << 0.001
  Chains 103 10 10.700 10.300 << 0.001
  mII 28 4 14.000 7.000 << 0.001
  Btw chains & mII 24 6 17.000 4.000 0.001
  Karyotype (Chains only) 1 3 20.667 0.333 0.614 - 0.300
  Karyomorph (Chains only) 102 7 6.429 14.571 << 0.001
  Same clade 70 4 3.500 17.500 << 0.001
  Different clade 85 16 14.929 6.071 < 0.001
  Diff clade (- crosses 9, 20, 29 & 30) 28 12 18.667 2.333 < 0.073
  In contact 108 11 11.182 9.818 << 0.001
  Not in contact 47 9 15.778 5.222 < 0.001
  Same X’s 66 9 13.667 7.333 << 0.001
  Different X’s 89 11 12.909 8.091 << 0.001
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within it (Chapter 3). The mtDNA clades identifi ed are highly concordant with 
karyomorph distributions, and some karyomorph boundaries appear to have prevented 
mtDNA introgression between clades (Chapters 3 & 4). Karyomorphs tend to be found 
in association with similar forms; all mII forms are found with contiguous distributions 
in the fi eld, as are all single chains, and double chains are found in two groups (Chapters 
2 and 3). If the evolution of the various karyomorphs had been independent, they might 
be expected to be distributed randomly across the landscape. Several karyomorphs 
appear to be the product of hybridization and possibly zonal raciation, indicating that 
reticulation of lineages is likely to have been important in the evolution of this complex 
system. Given this long history, the complexity and diversity observed presently are 
likely to be the product of many different processes acting over long periods of time. 
Therefore, it is of interest to explore the plausibility of the various hypotheses that have 
been proposed for the evolution of the chromosomal diversity observed in this species.
CPF
 The catastrophic pan-fusion hypothesis suggests that fusion saturation occurred 
in a single step, meaning that all chromosomes fused randomly until the genome was 
saturated for fusions in one or a few generations. The range of karyomorphs now 
identifi ed in this species does not fi t well the expectations for CPF generated by the 
fusion model. Double chain and mII karyomorphs were both found six times in the fi eld, 
despite being predicted to be the most common (78.4%) and rare (0.3%) confi gurations 
respectively. Absent and real single chains were predicted to be at approximately equal 
frequencies (10.5 and 10.8%), but the real single chain confi guration was found eight 
times and the absent single chain confi guration was not found in the fi eld (Figure 3 A). 
Chains of the maximum length of twenty one (single chains) or twenty two (double 
chains) chromosomes are expected to predominate, but were not found in the fi eld. 
Rather, chains of ten or fewer chromosomes are most commonly found (Figure 3 B).
 The novel karyotypes produced by hybridization generally included longer 
chains and rings than the karyomorphs found in the fi eld, but multiples were still 
shorter than predicted by the fusion model (Figure 3 B). In addition, one absent single 
chain was observed during hybridization experiments (Chapter 4) confi rming that 
such forms are generated in this species. Confi guration type cannot be assessed for 
hybrids however, as this will generally be determined by the maternal karyomorph. 
Shorter than expected hybrid multiples indicate that many more fusions are shared 
among karyomorphs than expected. This is especially true for karyomorphs which have 
parapatric distributions, are in the same mtDNA clade, or produce karyomorph hybrid 
offspring (Table 5, see also Chapter 4 Table 5). This result indicates that, regardless of 
the mechanism of fusion saturation, it is unlikely to have occurred independently in 
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each karyomorph.
 The smaller than expected chains observed in the fi eld were interpreted in Sharp 
and Rowell (2007) as indicative of selection among the products of CPF for small 
chains, driven by malsegregation of large ones. It is likely that this species evolved the 
capacity to accurately segregate multiples during or after fusion saturation. For this 
to occur there must have been selection for segregational ability at some time, which 
presumably acted against individuals with the longest chains. This process could result 
in short chains being maintained in populations presently. However, such selection must 
have been intense for so many mII and very short chains (CIII - CVII) to have been 
produced.
 The skewed proportion of confi guration types is somewhat harder to explain 
under this model. Both confi gurations that involve two or more X-autosome fusions 
are underrepresented in the fi eld (absent single chains and double chains). Rowell 
(1987b) suggested that multiple X-autosome fusions could cause mechanical diffi culties 
at meiosis that would result in infertility. However, whatever mechanical diffi culties 
double chains may cause appear to have been overcome by the six karyomorphs found 
in the fi eld with this confi guration fi xed (Sharp & Rowell 2007). Moreover, selection 
against these confi guration types cannot explain the relative proportions of mII and real 
single chains found in the fi eld.
 The sharing of fusions between adjacent karyomorphs could be indicative of 
widespread introgression of fusions between forms. However, introgression of fusions 
between karyomorphs may be hampered by linkage in two ways. Firstly, in chain 
carrying karyomorphs, between one and nine of the ten metacentric autosomal pairs are 
linked into sex-linked fusion sets (Chapter 4). And secondly, in hybrids, production of 
a large multiple effectively links all the fusions involved into sex-linked or autosomal 
fusion sets in the hybrid zone (Brünner et al. 2002). Thus, chromosomes that form 
bivalents in pure populations and small autosomal rings in hybrids are the only ones 
likely to introgress independently between karyomorphs. More fusions were shared by 
karyomorphs that have contiguous distributions than those that are not in contact. This 
suggests that introgression of some fusions is likely to have occurred, particularly those 
shared between clades. However, populations that are not in contact still share more 
fusions than expected, suggesting that introgression is not the only mechanism resulting 
in shared fusions (Table 5).
  Thus, in order to accept the CPF model, malsegregation, widespread 
introgression, and mechanical diffi culties caused by multiple X-autosome fusions are 
required. These mechanisms provide partial explanations for the observed distribution 
of chain lengths, confi guration types, and shared fusions. However, this model cannot 
explain the contiguous distribution of similar confi gurations.
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Hybridization
 The hybridization hypothesis was proposed as a mechanism by which 
chains could build up following fusion saturation by CPF to produce mII and CIII 
karyomorphs. If fusion saturation was by CPF, these are amongst the rarest forms 
expected to be produced (both < 0.4%). However, if selection against multiples via 
malsegregation was strong, these forms would be selected for. This hypothesis proposes 
that CV or CIX could have been produced in a contact zone between these forms. 
For such short chains to be produced by hybridization, the parental populations must 
only have two or four autosomal fusions that are different (Figure 1). This means 
that the populations must share eight or six bivalents, the probability of which is 2.37 
x10-19 (CV), and 2.12 x10-13 (CIX) (Table 4). If these fusions are not shared, they will 
form large autosomal rings in hybrids which would increase the chances of hybrid 
infertility due to malsegregation. Thus, under CPF the probability is very low that the 
basic starting conditions required for this model would occur. The appropriate starting 
conditions are far more likely to be produced by either SI model. The present study 
did identify a CIII karyomorph which was adjacent to an mII karyomorph in the fi eld. 
However, there are no indications of this process occurring between them, and the 
mtDNA sequencing data indicates that these populations are unlikely to be ancestral to 
the other chain karyomorphs (Chapter 3).
 If the appropriate populations were to hybridize as proposed, then by Rowell 
(1987b), selection acts against hybrid females and one male type. There are indications 
that similar selection occurs in recombinant hybrid zones (Chapter 4). The mechanisms 
proposed to explain the absence of these forms were malsegregation, rare hybridization 
and genetic incompatibility. The latter two are plausible, and have been discussed in 
Chapter 4; however, malsegregation may not be a likely explanation. As can be seen in 
Figure 1, the unwanted males carry rings of four or eight chromosomes, whereas the 
required males carry chains of fi ve or nine chromosomes. In general, long multiples 
segregate incorrectly more often than short multiples do (King 1993). Moreover, chains 
generally have higher malsegregation rates than rings (Gropp & Winking 1981; Searle 
1993; Johannisson & Winking 1994). These considerations suggest that selection in 
the form of malsegregation is likely to predominantly act against the wrong male type, 
which would prevent or even reverse the pattern of introgression proposed.
 In contrast, Rowell (1990) required no selection against hybrids. This model 
relies on the numerical advantage of the desired male type in early generations to 
push the clines apart. However, the numerical advantage is slight and disappears in 
later generations. This version of the model was proposed as an alternative to SMCF 
because evolution of improved segregation mechanisms would allow populations to 
become fi xed for heterozygosity resulting in chains at male meiosis. However, it is 
diffi cult to imagine why improved segregation mechanisms would evolve in the absence 
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of selection against individuals with poor segregational success due to large meiotic 
multiples. Moreover, if an improved segregation mechanism were to evolve within a 
hybrid zone, it is uncertain how or why a pure chain carrying population would form 
and expand unless either range expansion occurred from the hybrid population, or the 
new chain confi guration had some selective advantage. In addition, if no selection acts 
against hybrids then the contact zone is expected to be neutral and therefore wide with 
broadly coincident clines (Barton & Hewitt 1985). Selection is required to produce 
narrow clines, and epistatic fi tness interactions may be required to produce non-
coincident clines in a tension zone (Barton & Bengtsson 1986; Piálek et al. 2001).
 Rowell (1991) suggested that rather than a tension zone or neutral contact 
being formed between the hybridizing populations, the desired hybrid male form was 
selected for. Positive heterosis of this sort is rare, but is most likely when populations 
are highly inbred (Patton et al. 1980; Busch 2006). However, D. cancerides is the most 
outbred social spider known (Rowell 1990), so positive heterosis may not be likely. 
Furthermore, the majority of novel allelic combinations that are brought together by 
hybridization are expected to have negative fi tness consequences as they have not 
evolved together, and so are likely to be incompatible (Dobzhansky 1970; Orr 1995; 
Burke & Arnold 2001). Moreover, if there was a clear fi tness advantage to chain 
carriers, bivalent forming karyomorphs should be rare or absent.
 Therefore, none of the versions of this model is particularly likely to produce 
a stable chain carrying karyomorph from a hybrid zone between mII and CIII 
karyomorphs. Nevertheless, the mechanism outlined by Rowell (1987b) is similar 
to that proposed in Chapter 4 to explain staggered clines between chain carrying 
karyomorphs. Both models predict that a new chain carrying karyomorph can be derived 
from hybridization such that it will carry X and Y fusion sets derived from different 
parental populations. The primary differences between these hypotheses are that Rowell 
proposed that the clines would move apart indefi nitely, and incorporated the origination 
of long sex-linked chains as well as improved segregation mechanisms within the 
hybrid zone. The recombinant hybrid zone model begins with segregationally competent 
chain carrying karyomorphs, and is expected to result in a recombinant population 
one cline wide, running the length of the hybrid zone. Such populations could spread 
secondarily to become stable karyomorphs if they underwent range expansion (Searle 
1993). Indeed, modeling based on the hybridization hypothesis produced a narrow 
chain carrying population in the hybrid zone, but the cline failed to continue moving (D. 
Rowell, pers. comm).
 Improved segregation mechanisms probably have evolved in chain carrying 
populations of this species at some time, but it is unlikely that they evolved in a hybrid 
zone. A hybrid zone between populations without improved segregation mechanisms 
that produce multiple carrying hybrids is most likely to be governed by malsegregation, 
and therefore if it were to become modifi ed it would be so as to reduce the size and 
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occurrence of multiples (eg; telocentric peaks and staggered clines in mice and shrews 
(Searle 1993; Wójcik et al. 2002). As such, modifi cation would result in the smallest 
multiples possible given the fusions available within the zone, rather than replacement 
of the males in one parental population with a stable male form carrying the largest 
multiple produced in the zone.
Successive Inclusion 1
 The SI 1 hypothesis differs from CPF only in that fusion saturation occurs over 
many generations rather than instantaneously. Thus, these models might best be thought 
of as representing the opposite ends of a continuum. The SI 1 hypothesis was originally 
rejected on the basis that all forms with two or more X-autosome fusions would be 
infertile due to even numbered chains and mechanical diffi culties at meiosis, and that 
around 50% of the remaining chain carrying forms would also suffer infertility due 
to even numbered chains. However, the fusion model has shown that even numbered 
chains are a problem which is likely to be common to all models of fusion saturation. 
Around 60% of the karyotypes produced by the fusion model were deemed inviable 
due to even numbered chains or odd numbered rings, both of which can not segregate 
to produce balanced gametes, and so are expected to result in infertility. The proportion 
of inviable karyotypes produced by successive inclusion is likely to be equivalent 
or lower, but they would not be produced all at once and so would not have as great 
an effect on the population. Moreover, double chain and absent single chain forms 
certainly do not have to include an even number of chromosomes in chains. Double 
chains represent around 78% of viable forms produced by the fusion model, and the 
proportion of inviable forms appears to be approximately equal for all chain carrying 
confi gurations. This mistake appears to be due to an autosomal pair being misplaced in 
the original calculations. Furthermore, mechanical diffi culties caused by two or more 
X-autosome fusions are either absent or surmountable, as evidenced by the six double 
chain karyomorphs found in the fi eld.
 Gradual accumulation of fusions may mean that new fusions are more likely 
to end up as bivalents than if fusion saturation is instantaneous. If fusions occur and 
become fi xed one at a time, they will only end up as part of the chain if they occur after 
an X-autosome fusion is fi xed, and if they involve the autosome currently at the end of 
the chain. However, if the whole genome is fused simultaneously, then the only way a 
given fusion can not end up in a chain is if its homologues also happen to fuse together, 
or it becomes part of a ring which resolves down to homozygosity later. Thus, the 
probability of a fusion becoming part of a chain may in part be a function of the speed 
with which fusions occur and become fi xed, and the probability of more than one fusion 
undergoing this process in the same population at the same time.
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 In other groups that have diversifi ed by predominantly Rb fusions such as mice 
and shrews, fusions appear to have accumulated successively. These groups tend to have 
the earliest fusions shared across broad regions or species groups, and newer fusions 
differentiating races. This is thought to be due to population expansions and contractions 
associated with climatic fl uctuations during their chromosomal evolution (Searle et 
al. 1990; Brünner et al. 2002; Wójcik et al. 2002; Piálek et al. 2005). As discussed in 
Chapter 3, the Great Dividing Range probably provided multiple refuges during glacial 
cycles (Garrick et al. 2004; Sunnucks et al. 2006; Byrne et al. 2008; Symula et al. 
2008). Given the degree of mtDNA divergence observed, fusion saturation could have 
occurred during the Quaternary glacial cycles (Chapter 3). New Rb fusions may be most 
likely to become fi xed in small inbred refugial populations (Bush 1975; Lande 1979; 
Chesser & Baker 1986; Wójcik et al. 2002). When the climate changed and populations 
expanded, these early fusions would come to occupy large areas. This distribution could 
be further subdivided at the next cycle, and more fusions could accumulate. Such a 
process would result in the earliest fusions being common to many karyomorphs, and 
the later ones being specifi c to the populations in which they occurred, as observed in 
mice and shrews.
 The fusion confi guration of the X chromosomes determines the type of fusion 
confi guration a population has. Therefore, if X’s were to become fused in a refugial 
population, and range expansion spread them over large areas, then in time many 
descendent karyomorphs could be produced which have contiguous distributions 
and the same confi guration type. This provides a highly plausible explanation for the 
observed clustering of confi guration types, association between confi guration type and 
mtDNA clade, and pattern of shared fusions. For example, fi ve of the mII forms could 
have descended from a single population of the Southern clade in which an X-X fusion 
was fi xed and the third X was not fused. This would allow autosomal fusions to be fi xed 
as bivalents, some of them being shared by now divergent mII karyomorphs. Similarly, 
the contiguous distribution of single chain forms could be due to the same process 
involving X-X and X-autosome fusions occurring in the Eastern clade. Moreover, it is 
possible that the six fusions shared by CIX and CV+CV, and CV and CV+CIII (Chapter 
4) were fi xed prior to divergence of these forms. Indeed, some or all of these may even 
be the same fusions. Thus, gradual accumulation of fusions and historical vicariance 
could explain the skewed proportions and clumped distribution of fusion confi guration 
types as well as the shorter than expected chains, and the pattern of shared fusions. It is 
also probable that selection for improved segregation accuracy would be more effective 
if fusions accumulated gradually, as selection would have much more time to operate.
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Successive Inclusion 2
 The SI 2 hypothesis begins with fusion saturation via CPF to the mII 
confi guration, followed by repeated fi ssion and re-fusion of chromosomes to gradually 
build long chains. This hypothesis was originally rejected because fi ssions were 
thought to be impossible in a species which complies with the all-or-nothing fusion rule 
(Rowell 1990). However, a fi ssion followed by fusion is equivalent to a single Whole 
Arm Reciprocal Translocation (WART) type A mutation (Piálek et al. 2005), and such 
mutations have been observed in this species (Chapter 4). WART mutations are well 
known in other groups with predominantly Rb fusions (Capanna & Redi 1995; Castiglia 
& Capanna 1999; Bulatova et al. 2000; Catalan et al. 2000; Wójcik et al. 2002). The 
logical predictions of this model are that an mII form is ancestral to all chain forms, 
and short chains are ancestral to long chains, with the largest chain confi gurations 
being the most derived. Such a pattern is not apparent in the mtDNA gene tree (Chapter 
3), the geographic distribution of forms (Sharp & Rowell 2007), or the hybridization 
experiments of Chapter 4. Therefore, it seems unlikely that this hypothesis is correct in 
its original form. However, the idea that WART mutations could allow karyomorphs to 
continue to diverge after fusion saturation has merit.
 WART mutations are now known to occur in this species (Chapter 4), and as 
with Rb fusions, they may be most likely to become fi xed in small refugial populations 
(Searle 1993; Wójcik et al. 2002; Anderson et al. 2005). As few as two or three WART 
mutations could account for the differences between the CV+CV and CIX, and CV+CIII 
and CV karyomorphs (Chapter 4, Figures 6 & 7). This may be especially likely for the 
CV+CV and CIX forms as they share at least six bivalents and mtDNA lineage. The 
observation of pseudo-parental reciprocal male hybrids strongly supports this (Chapter 
4). Divergence must have been recent relative to divergence of the mtDNA as these 
karyomorphs are polyphyletic (Chapter 3). Given the large difference in the size of 
the distributions of these forms, this suggests that CV+CV may have diverged from 
CIX in an isolated population in the southern highlands. This is reminiscent of the 
proposed evolutionary history of Kalotermes termites (Luykx & Syren 1981; Syren & 
Luykx 1981). In the mII system, mII2 appears to differ from mII1 by only two bivalents 
(Chapter 4), and has only slightly divergent mtDNA sequence (Chapter 3). This form 
may have diverged from mII1 by fi xation of a single WART type A mutation.
 Therefore, fusion saturation is most likely to have accumulated by successive 
inclusion of fusions during climatic cycling. WART mutations and recombinant 
populations are likely to have contributed to the diversity, and some introgression 
has probably occurred. This scenario provides a more realistic time frame for the 
chromosomal evolution of this species. We can now begin to speculate usefully about 
the mechanisms that could have caused fusion saturation and fi xed sex-linked fusion 
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heterozygosity to evolve in some populations of this species.
What caused fusion saturation in D. cancerides?
 First, let us assume that the tII confi guration is the ancestral chromosomal 
confi guration of this species on the basis that it is shared by closely related species 
(Rowell pers comm.), and has a peripheral distribution (Figure 4 A in Sharp & Rowell 
2007). This leads to the inference that the primary form of chromosomal rearrangement 
in this species is Rb fusion, although a WART mutation has also been observed (chapter 
4). Both of these mutations occur in or near the centromere, and Rb fusions require 
loss or deactivation of telomeres (Slijepcevic 1998; Hackett et al. 2001). This strongly 
suggests that these chromosomal structures should be the focus of this investigation.
Centromere and telomere function appear to generally be epigenetically 
determined by a higher order structure of proteins built on repetitive DNA sequence 
(Fletcher 2003; Mythreye & Bloom 2003). The repeats present in centromeres are 
highly variable, but generally consist of satellite DNA (satDNA) and transposable 
elements (TE’s) (Redi et al. 1990; Sun et al. 1997). Indeed, in some groups TE 
sequences have become satDNA (Miller et al. 2000; Kidwell & Lisch 2001; Malik 
& Henikoff 2002). Telomere sequence is highly conserved although still somewhat 
variable (Frydrychová & Marec 2002; Frydrychová et al. 2004; Vitková et al. 2005). 
Centromeres and telomeres can both be deactivated and reactivated by changes to the 
higher order structure (Slijepcevic 1998; Mythreye & Bloom 2003).
Broadly, fusion saturation is likely to be the product of an increased mutation 
rate for Rb fusions, an increased probability of fi xation in populations for new fusions, 
or both. Increased rates of mutation producing these rearrangements could result from 
many processes, but the most likely are destabilization of the higher order structure of 
telomeres (Hackett et al. 2001), or ectopic base pairing between homologous sequences, 
such as satDNA or TE’s, on non-homologous chromosomes (Redi et al. 1990). Invasion 
by transposable elements has previously been proposed (Rowell 1987b) however 
this tends to produce a wide variety of rearrangements (Engels & Preston 1984; 
Hurst & Werren 2001). Telomere inactivation is known to trigger mostly Rb fusions 
(Slijepcevic 1998). Inactive telomere sequence has been observed in the centromeric 
heterochromatin of metacentric chromosomes thought to be fusion products, although it 
is not known whether telomere deactivation caused the fusions or was a result of them 
(Meyne et al. 1990; Zhdanova et al. 2005).
Several authors have suggested mechanisms for Rb fusions based on errors 
in normal cellular processes such as DNA replication, repair and recombination (Lee 
1975; White 1978a; Holmquist & Dancis 1979; Redi et al. 1990; Wichman et al. 1991; 
Slijepcevic 1998). It has been observed that the pace of satDNA evolution is correlated 
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with chromosomal evolution (Wichman et al. 1991; Slamovits & Rossi 2002). This has 
been widely interpreted as indicative of ectopic recombination (or similar) between 
repeat requences being the cause of many rearrangements (Page et al. 1996; Hurst 
& Werren 2001; Kidwell & Lisch 2001; Lönnig & Saedler 2002; Slamovits & Rossi 
2002). Redi et al. (1990) proposed a highly plausible model for Rb fusions and WART 
mutations in mice, which is dependent on base pairing of homologous centromeric 
sequences on non-homologous chromosomes. The authors suggest that the rapidly 
evolving satDNA in mouse centromeres provides this homologous sequence (Garagna 
et al. 2001), and that once a fusion has been produced by this mechanism it may trigger 
other homologous fusions (Redi et al. 1990).
White (1978b) suggested four factors which could infl uence the probability of 
fi xation of a new chromosomal rearrangement: selection for homozygotes, genetic drift, 
inbreeding, and meiotic drive. Selection is an unlikely explanation for fusion saturation 
as it requires every fusion to have been selected for independently in every fusion 
saturated karyomorph. Genetic drift and inbreeding may have played a role, especially 
if chromosomal diversifi cation was associated with climate oscillations and vicariance 
(Bush 1975; Lande 1979; Chesser & Baker 1986; Brünner et al. 2002; Wójcik et 
al. 2002). However, the all-or-nothing fusion rule in spiders (Rowell 1990), and the 
complete absence or saturation of fusions in different populations of D. cancerides 
argues for a mechanism which is deterministic rather than stochastic in nature.
 Mathematical modeling has shown that meiotic drive is likely to be the most 
powerful of White’s (1978b) mechanisms (Hedrick 1981). Meiotic drive by non-random 
segregation during female meiosis is possible due to the fact that usually only one of 
the four meiotic products becomes a gamete. Depending on whether the egg pole or the 
polar body pole is more effi cient at capturing centromeres, metacentric or telocentric 
chromosomes can be transmitted to greater than 50% of the gametes in Rb fusion or 
fi ssion heterozygotes. This form of meiotic drive is fundamentally about centromere 
structure and function (Pardo-Manuel de Villena & Sapienza 2001a, 2001b; Malik & 
Henikoff 2002). Non-random female segregation has been demonstrated in several 
mammals where Rb rearrangements are common and have often been associated with 
speciation (Qumsiyeh et al. 1999; Pardo-Manuel de Villena & Sapienza 2001a, 2001b). 
Chromosomal meiotic drive has also been observed in males, although the mechanism 
is less clear (Wyttenbach & Hausser 1996; Fedyk & Chętnicki 2007). There is also 
evidence that the direction of drive (for telocentric or metacentric chromosomes) has 
changed repeatedly during the diversifi cation of mammals. For example, it appears 
that meiotic drive favors telocentric chromosomes in most populations of house mice 
which have all acrocentric chromosomes, but has been reversed in those populations 
which carry Rb fusions (Pardo-Manuel de Villena & Sapienza 2001b). Thus, karyotypic 
orthoselection (White 1973) and the all-or-nothing fusion rule (Rowell 1990) may 
both be explained by meiotic drive. It seems possible that spiders have rather strong 
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meiotic drive given the overwhelming number of species that have been described with 
homogenously sized and shaped chromosomes, although this appears to never have 
been investigated. Other spiders which have undergone fusion saturation appear to 
have done so in either the autosomes or the X’s (Rowell 1990). Fusion saturation in D. 
cancerides has involved both together, which may be part of the reason why chains are 
observed in this species and not others.
 Therefore, it seems likely that a change in direction of meiotic drive occurred 
in some populations of D. cancerides, which repeatedly pushed Rb fusions to fi xation. 
This might have been accompanied by an increased mutation rate due to ectopic base 
pairing of centromeric repeats. Fusion saturation driven by meiotic drive could occur 
despite some negative heterosis caused by malsegregation or germ cell death (Hedrick 
1981; Wyttenbach & Hausser 1996; Fishman & Saunders 2008). Indeed, if new fusions 
were being driven to fi xation despite adding to the length of chromosome multiples and 
therefore increasing malsegregation rates, strong selection for improved segregation 
mechanisms would result. Without meiotic drive, new fusions which added to the length 
of a chain could be selected against by malsegregation of the chain. Such fusions would 
only be fi xed in the heterozygous state at a rate that improving segregation mechanisms 
could keep up with. However, with meiotic drive pushing new fusions towards fi xation, 
segregation mechanisms may have been forced to evolve more rapidly. Thus, meiotic 
drive may be somewhat responsible for the extent of fi xed fusion heterozygosity in this 
species. If meiotic drive was involved in the fusion saturation of most populations of 
this species, then fusions need not have only been fi xed in refugial populations. This 
suggests that chromosomal divergence could have been parapatric rather than allopatric 
within clades.
 Although no conclusions can be drawn from this speculation, several avenues 
for future research are suggested. Specifi cally, centromeric repeats should be examined 
for indications of the age and cause of fusions (Zhdanova et al. 2005), and meiotic drive 
should be investigated by examining hybrids of the Tasmanian tII and mainland fusion 
saturated populations for segregation distortion.
Conclusion
 Fusion saturation is most likely to have occurred in populations of this species 
by successive fi xation of fusions by meiotic drive, possibly during climatic cycling, and 
possibly triggered by ectopic base pairing of centromeric repeats. This process probably 
occurred independently in each mtDNA clade, but karyomorphs within clades are likely 
to share the earlier fusions. Some introgression of fusions is likely to have occurred. 
WART mutations and recombinant populations seem to have allowed divergence to 
continue after fusion saturation, and appear to be ongoing.
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 It seems possible that attempts to determine the selective benefi t of fi xed sex-
linked heterozygosity in this species are futile. The chains may simply be a consequence 
of fi xation of X-autosome fusions, meiotic drive, the speed at which fusion saturation 
proceeded, and the evolution of improved segregation mechanisms. However, once 
established, sex-linked heterozygosity is highly likely to have become associated with 
genetic differentiation, as discussed in Chapter 6.
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Appendices
Appendix 1
The ‘Fusion model’ macro for Excel
By Dr Mike Double
Option Explicit
Public totalchromo As Integer
Public numberchromo As Integer
Public numbersexchromo As Integer
Public callstart As Long
Public interationnumber As Variant
Public interationcount As Long
Public stoponyes As Boolean
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Public UnlimitedIterations As Boolean
Public InviablesAllowed As Boolean
Public DiffKaryomorphs As Boolean
Public ChainsFreqs As Boolean
Public ViableChains As Boolean
Public XXPairing As Boolean
Public AllowRings As Boolean
Public aDlg As Object
Public interationnumbertext As String
Public Bias As Integer
Public i As Integer
Public topchromo As String
Public bottomchromo As String
Public chromosfound As Integer
Sub dialogue()
 stoponyes = 0
 interationcount = 0
 interationnumber = 0
 Dim halfnumberchromo As String
 Sheets(“Master”).Select
 numberchromo = Cells(1, 2).Value
 Set aDlg = New MainDialogue
 Load aDlg
 aDlg.Show
 If aDlg.Canceled Then Exit Sub
 UnlimitedIterations = aDlg.CheckBoxUnlimitedIterations.Value
 DiffKaryomorphs = aDlg.CheckBoxDiffKaryomorphs.Value
 XXPairing = aDlg.CheckBoxXXPairing.Value
 interationnumber = aDlg.TextBoxNumIterations.Value
 stoponyes = aDlg.CheckBoxstoponyes.Value
 AllowRings = aDlg.CheckBoxAllowRings.Value
 Bias = aDlg.TextBoxBias.Value
 InviablesAllowed = aDlg.InviablesAllowed.Value
 If Bias > numberchromo / 2 Then
  aDlg.Hide
  halfnumberchromo = numberchromo / 2
  MsgBox “Too much bivalent bias. Max = “ & halfnumberchromo
  Exit Sub
 End If
 aDlg.Hide
 Call ShowDialog
End Sub
Sub Chromsome_modelling()
‘
‘ Chromsome_modelling Macro
‘ Macro recorded 19/11/2005 by Mike Double
‘
‘ Keyboard Shortcut: Ctrl+m
‘
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Application.ScreenUpdating = False
Chromsome_modelling:
 On Error GoTo fi nishsub
 ‘adding to iterationcount on sheet
 Sheets(“Results”).Cells(2, 25).Value = Sheets(“Results”).Cells(2, 25).Value + 1
 If interationnumber = “” And UnlimitedIterations = False Then GoTo fi nishsub
 If interationcount = interationnumber And UnlimitedIterations = False Then GoTo fi nishsub
 If UnlimitedIterations = True Then interationnumber = 0
 Randomize
 Dim currentchromo As Integer
 Dim randomno As Integer
 Dim tally As Integer
 Dim lastchromo As String
 Dim loopno As Integer
 Dim fi nalnochromo As String
 Dim nogroups As Integer
 Dim numofchains As Integer
 Dim noinchain As Integer
 Dim viable As String
 Dim TestArray(18)
 Dim PossArray(18)
 Dim thisarray As Variant
 Dim thatarray As Variant
 Dim x As Variant
 Dim z As Integer
 Dim founddiff As Boolean
 Dim alldiff As Boolean
 Dim chromosomecount As Integer
 Dim norings As Integer
 Dim nobivalents As Integer
 Dim noxxpairings As Integer
 Dim nosinglex As Integer
 Dim nochromoinring As Integer
 Dim Ischromoevenlength As Boolean
 Dim inviable As Boolean
 Dim noviables As Long
 numofchains = 0
 norings = 0
 nobivalents = 0
 noxxpairings = 0
 nosinglex = 0
 Ischromoevenlength = False
 inviable = False
 loopno = 0
 Worksheets(“Master”).EnableCalculation = True
 Randomize
 Sheets(“Master”).Select
 ‘resetting viable cell
 Cells(17, 2).Value = “No”
 Range(“A1”).Select
 Range(“B5:DT5”).ClearContents
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 Range(“B7:DT7”).ClearContents
 Range(“B9:DT9”).ClearContents
 numberchromo = Cells(1, 2).Value
 numbersexchromo = Cells(2, 2).Value
 totalchromo = (2 * numberchromo) + numbersexchromo
 currentchromo = 1
 ‘adding none sex chromosomes
 tally = 0
 For i = 2 To 1 + (2 * numberchromo)
  If tally = 2 Then
   currentchromo = currentchromo + 1
   tally = 0
  End If
  Cells(5, i).Value = currentchromo
  tally = tally + 1
 Next
 For i = i To 1 + totalchromo
  Cells(5, i).Value = “X”
 Next
 ‘generating chromosomes
 ‘ if XX chromosome pairing is selected
 If XXPairing = True Then
  i = 2
  Do
   randomno = Int(((totalchromo + 1) - 2 + 1) * Rnd + 2)
   topchromo = Cells(5, randomno).Value
   If topchromo = “X” Then
    Cells(5, randomno).Value = Empty
    Exit Do
   End If
  Loop
  Do
   randomno = Int(((totalchromo + 1) - 2 + 1) * Rnd + 2)
   bottomchromo = Cells(5, randomno).Value
   If bottomchromo = “X” Then
    If bottomchromo <> Empty Then
     Cells(5, randomno).Value = Empty
     Exit Do
    End If
   End If
   loopno = loopno + 1
   If loopno > 10000000 Then GoTo fi nishsub
  Loop
  Cells(7, i).Value = topchromo
  Cells(9, i).Value = bottomchromo
 End If
 If XXPairing = False Then i = 1
 ‘ Adding bivalent bias
 If Bias > 0 Then Call BiasSub
 ‘end of bivalent bias
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 Do
  i = i + 1
  Do
   randomno = Int(((totalchromo + 1) - 2 + 1) * Rnd + 2)
   topchromo = Cells(5, randomno).Value
   If topchromo <> Empty Then
    Cells(5, randomno).Value = Empty
    Exit Do
   End If
  Loop
  Do
   randomno = Int(((totalchromo + 1) - 2 + 1) * Rnd + 2)
   bottomchromo = Cells(5, randomno).Value
   If bottomchromo <> “X” Then
    If bottomchromo <> topchromo And bottomchromo <> Empty Then
     Cells(5, randomno).Value = Empty
     Exit Do
    End If
   End If
   If bottomchromo = “X” Then
    If bottomchromo <> Empty Then
     Cells(5, randomno).Value = Empty
     Exit Do
    End If
   End If
   loopno = loopno + 1
   If loopno > 10000000 Then GoTo fi nishsub
  Loop
  Cells(7, i).Value = topchromo
  Cells(9, i).Value = bottomchromo
  If 2 * i > totalchromo Then Exit Do
 Loop
 If 2 * i <> totalchromo + 2 Then
  i = i + 1
  tally = 1
  Do
   tally = tally + 1
   lastchromo = Cells(5, tally).Value
   If lastchromo <> Empty Then
    Cells(5, tally).Value = Empty
    Exit Do
   End If
  Loop
  topchromo = lastchromo
  Cells(7, i).Value = topchromo
 End If
meiosis:
 callstart = callstart + 1
 ‘If callstart = 1 Then Call Chromsome_modelling
 Dim NoNewChromo As Integer
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 Dim toparm As String
 Dim bottomarm As String
 Dim possmatch As String
 Dim armtomatch As String
 Dim matchedtop As Boolean
 Dim matchedbottom As Boolean
 Dim currentrow As Integer
 Dim colA As Integer
 Dim colB As Integer
 Dim startrow As Integer
 Dim placedchromosomes As Integer
 Dim randomnotop As Integer
 Dim randomnobottom As Integer
 Dim currentcol As Integer
 Randomize
 numberchromo = Cells(1, 2).Value
 numbersexchromo = Cells(2, 2).Value
 Range(“B7:AQ9”).Select
 Selection.Copy
 Range(“B10”).Select
 ActiveSheet.Paste
 Range(“A1”).Select
 Range(“B31:AQ1000”).ClearContents
 NoNewChromo = Cells(6, 2).Value
 ‘selecting fi rst chromosome
 randomno = Int(((NoNewChromo + 1) - 2 + 1) * Rnd + 2)
 currentrow = 100
 startrow = 100
 currentcol = 2
 placedchromosomes = 0
 ‘placing fi rst chromosome
 Do
  toparm = Cells(7, randomno).Value
  bottomarm = Cells(9, randomno).Value
  placedchromosomes = placedchromosomes + 1
  Cells(7, randomno).Value = Empty
  Cells(9, randomno).Value = Empty
  Cells(startrow, currentcol).Value = toparm
  Cells(startrow + 2, currentcol).Value = bottomarm
  ‘Finding matches
  armtomatch = Cells(currentrow, currentcol).Value
  Do
   ‘If armtomatch = Empty Then Exit Do
   If armtomatch = Empty Or armtomatch = “X” Then Exit Do
   toparm = Empty
   matchedtop = False
   matchedbottom = False
   For i = 2 To NoNewChromo + 1
    possmatch = Cells(7, i).Value
    If possmatch = armtomatch Then
     toparm = Cells(7, i).Value
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     bottomarm = Cells(9, i).Value
     Cells(9, i).Value = Empty
     Cells(7, i).Value = Empty
     placedchromosomes = placedchromosomes + 1
     matchedtop = True
     Exit For
    End If
   Next
   If toparm = Empty Then
    For i = 2 To NoNewChromo + 1
     possmatch = Cells(9, i).Value
     If possmatch = armtomatch Then
      toparm = Cells(7, i).Value
      bottomarm = Cells(9, i).Value
      Cells(9, i).Value = Empty
      Cells(7, i).Value = Empty
      placedchromosomes = placedchromosomes + 1
      matchedbottom = True
      Exit For
     End If
    Next
   End If
   If matchedtop = False And matchedbottom = False Then Exit Do
   If matchedtop = True Then
    currentrow = currentrow - 1
    If currentrow < 26 Then
     Call warning
     GoTo fi nishsub
    End If
    Cells(currentrow, currentcol).Value = toparm
    currentrow = currentrow - 2
    Cells(currentrow, currentcol).Value = bottomarm
    armtomatch = Cells(currentrow, currentcol).Value
    If armtomatch = Empty Then Exit Do
   End If
   If matchedbottom = True Then
    currentrow = currentrow - 1
    If currentrow < 26 Then
     Call warning
     GoTo fi nishsub
    End If
    Cells(currentrow, currentcol).Value = bottomarm
    currentrow = currentrow - 2
    Cells(currentrow, currentcol).Value = toparm
    armtomatch = Cells(currentrow, currentcol).Value
    If armtomatch = Empty Then Exit Do
   End If
  Loop
  ‘working down
  currentrow = startrow + 2
  armtomatch = Cells(currentrow, currentcol).Value
217
  Do
   ‘If armtomatch = Empty Then Exit Do
   If armtomatch = Empty Or armtomatch = “X” Then Exit Do
   toparm = Empty
   matchedtop = False
   matchedbottom = False
   For i = 2 To NoNewChromo + 1
    possmatch = Cells(7, i).Value
    If possmatch = armtomatch Then
     toparm = Cells(7, i).Value
     bottomarm = Cells(9, i).Value
     Cells(9, i).Value = Empty
     Cells(7, i).Value = Empty
     placedchromosomes = placedchromosomes + 1
     matchedtop = True
     Exit For
    End If
   Next
   If toparm = Empty Then
    For i = 2 To NoNewChromo + 1
     possmatch = Cells(9, i).Value
     If possmatch = armtomatch Then
      toparm = Cells(7, i).Value
      bottomarm = Cells(9, i).Value
      Cells(9, i).Value = Empty
      Cells(7, i).Value = Empty
      placedchromosomes = placedchromosomes + 1
      matchedbottom = True
      Exit For
     End If
    Next
   End If
   If matchedtop = True Then
    currentrow = currentrow + 1
    Cells(currentrow, currentcol).Value = toparm
    currentrow = currentrow + 2
    Cells(currentrow, currentcol).Value = bottomarm
    armtomatch = Cells(currentrow, currentcol).Value
    If armtomatch = Empty Then Exit Do
   End If
   If matchedbottom = True Then
    currentrow = currentrow + 1
    Cells(currentrow, currentcol).Value = bottomarm
    currentrow = currentrow + 2
    Cells(currentrow, currentcol).Value = toparm
    armtomatch = Cells(currentrow, currentcol).Value
    If armtomatch = Empty Then Exit Do
   End If
   If placedchromosomes = NoNewChromo Then GoTo fi nish
   If matchedtop = False And matchedbottom = False Then Exit Do
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  Loop
  If placedchromosomes = NoNewChromo Then GoTo fi nish
  ‘chain terminated - need to start new chain
  Do
   randomnotop = Int(((NoNewChromo + 1) - 2 + 1) * Rnd + 2)
   randomnobottom = Int((2 - 1 + 1) * Rnd + 1)
   If randomnobottom = 1 Then randomnobottom = 7 Else randomnobottom = 9
   If Cells(randomnobottom, randomnotop).Value <> Empty Then Exit Do
  Loop
  randomno = randomnotop
  currentrow = 100
  currentcol = currentcol + 1
 Loop
fi nish:
viable:
 Dim numberxes As Integer
 Dim chainno As Integer
 Dim exnumber As String
 Dim y As Variant
 Dim rownumber As Integer
 Dim exfound As Integer
 Dim topchromatid As Variant
 Dim bottomchromatid As Variant
 Dim counter As Integer
 Dim topchromatidplace As Variant
 Dim bottomchromatidplace As Variant
 Range(“B19:AQ21”).ClearContents
 Range(“B3:z3”).ClearContents
 chainno = 2
 ‘fi nding X chromosomes
 Do
  If Cells(14, chainno).Value < 1 Then Exit Do
  If Cells(13, chainno).Value > 0 Then
   numberxes = Cells(13, chainno).Value
   y = 33
   rownumber = 19
   exfound = 0
   Do
    If Cells(y, chainno).Value = “X” Then
     Cells(rownumber, chainno).Value = y
     rownumber = rownumber + 1
     exfound = exfound + 1
    End If
    y = y + 1
   Loop Until exfound = numberxes
  End If
  chainno = chainno + 1
 Loop
 ‘checking location of top and bottom chromatids then assessing if ring or chains and viable or inviable
 Cells(30, 2).Value = “No”
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 Range(“b32:z32”).ClearContents
 chainno = 2
 Do
  If Cells(14, chainno).Value < 1 Then Exit Do
  y = 33
  Do
   If Cells(y, chainno).Value <> Empty Then
    topchromatid = Cells(y, chainno).Value
    topchromatidplace = y
    Exit Do
   End If
   y = y + 1
  Loop
  y = y + 1
  counter = 1
  Do
   If Cells(y, chainno).Value <> Empty Then
    counter = 0
   End If
   If counter > 2 Then
    y = y - 3
    bottomchromatid = Cells(y, chainno).Value
    bottomchromatidplace = y
    Exit Do
   End If
   counter = counter + 1
   y = y + 1
  Loop
  Dim difference As Integer
  difference = bottomchromatidplace - topchromatidplace + 1
  ‘ if ring has no Xs and is odd number of chromos then inviable
  If topchromatid = bottomchromatid And topchromatid <> “X” Then
   nochromoinring = (difference) / 3
   Ischromoevenlength = (nochromoinring Mod 2) - 1
   If Ischromoevenlength = False Then inviable = True
  End If
  ‘ if Xs terminate chain and is even number then inviable
  If topchromatid = bottomchromatid And topchromatid = “X” Then
   nochromoinring = (difference) / 3
   Ischromoevenlength = (nochromoinring Mod 2) - 1
   ‘this is the adjusted line for X-12,12-X type chains
   If Ischromoevenlength = True And difference = 6 Then inviable = True
   If Ischromoevenlength = True And difference > 6 Then inviable = True
  End If
  ‘designed to weed out X-11,11 type inviable even chains
  If difference = 4 Then
   If topchromatid = “X” Or bottomchromatid = “X” Then
    inviable = True
   End If
  End If
  ‘this is the adjusted line for bivalents
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  If topchromatid = bottomchromatid And topchromatid <> “X” And difference = 6 Then
   nobivalents = nobivalents + 1
   Cells(32, chainno).Value = “bivalent”
  End If
  If topchromatid = bottomchromatid And topchromatid = “X” And difference = 6 Then
   numofchains = numofchains + 1
   Cells(32, chainno).Value = “chain”
  End If
  If difference = 4 Then
   numofchains = numofchains + 1
   Cells(32, chainno).Value = “chain”
  End If
  If difference < 6 And difference <> 1 And topchromatid = “X” And topchromatid = bottomchromatid Then
   noxxpairings = noxxpairings + 1
   Cells(32, chainno).Value = “xx”
  End If
  If difference < 6 And difference = 1 And topchromatid = “X” And topchromatid = bottomchromatid Then
   nosinglex = nosinglex + 1
   Cells(32, chainno).Value = “x”
  End If
  If difference > 6 And topchromatid <> bottomchromatid Then
   numofchains = numofchains + 1
   Cells(32, chainno).Value = “chain”
  End If
  If difference > 6 And topchromatid = “X” And topchromatid = bottomchromatid Then
   numofchains = numofchains + 1
   Cells(32, chainno).Value = “chain”
  End If
  If difference > 6 And topchromatid <> “X” And topchromatid = bottomchromatid Then
   norings = norings + 1
   Cells(32, chainno).Value = “ring”
  End If
  chainno = chainno + 1
 Loop
 If inviable = True Then Cells(30, 2).Value = “No” Else Cells(30, 2).Value = “Yes”
 If inviable = True Then Cells(17, 2).Value = “No” Else Cells(17, 2).Value = “Yes”
 Cells(25, 2).Value = numofchains
 Cells(23, 2).Value = norings
 Cells(24, 2).Value = nobivalents
 Cells(26, 2).Value = noxxpairings
 Cells(27, 2).Value = nosinglex
 If AllowRings = False Then
  If norings = 0 And inviable = False Then Cells(17, 2).Value = “Yes” Else Cells(17, 2).Value = “No”
 End If
 Ischromoevenlength = False
 inviable = False
 ‘ number of interations
 interationcount = interationcount + 1
 If AllowRings = False Then
  If Cells(17, 2).Value = “Yes” Then
   If stoponyes = True Then interationcount = interationnumber
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   GoTo Assessment
  End If
 Else
  ‘InviablesAllowed introduced here remove ‘Or InviablesAllowed = True’ to put back to old version
  If Cells(17, 2).Value = “Yes” Or InviablesAllowed = True Then
   If stoponyes = True Then interationcount = interationnumber
   GoTo Assessment
  End If
 End If
 GoTo nextiteration
Assessment:
 Sheets(“Results”).Cells(2, 26).Value = Sheets(“Results”).Cells(2, 26).Value + 1
 Sheets(“Master”).Select
 If interationcount = interationnumber Then GoTo fi nishsub
 numberchromo = Cells(1, 2).Value
 numbersexchromo = Cells(2, 2).Value
 fi nalnochromo = Cells(18, 2).Value
 nogroups = Cells(15, 2).Value
 numofchains = Cells(25, 2).Value
 norings = Cells(23, 2).Value
 nobivalents = Cells(24, 2).Value
 noxxpairings = Cells(26, 2).Value
 nosinglex = Cells(27, 2).Value
 viable = Cells(17, 2).Value
 Sheets(“Results”).Select
 ‘pasting into comparing row
 Cells(1, 2).Value = numberchromo
 Cells(1, 3).Value = numbersexchromo
 Cells(1, 4).Value = viable
 Cells(1, 5).Value = fi nalnochromo
 Cells(1, 7).Value = nogroups
 Cells(1, 8).Value = numofchains
 Cells(1, 9).Value = norings
 Cells(1, 10).Value = nobivalents
 Cells(1, 11).Value = noxxpairings
 Cells(1, 12).Value = nosinglex
 Sheets(“Master”).Select
 Range(“B29:Z29”).Select
 Selection.Copy
 Sheets(“Results”).Select
 Range(“m1”).Select
 Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _
                  :=False, Transpose:=False
 Application.CutCopyMode = False
 Selection.Sort Key1:=Range(“L1”), Order1:=xlAscending, Header:=xlGuess, _
     OrderCustom:=1, MatchCase:=False, Orientation:=xlLeftToRight
 Range(“A1”).Select
 Sheets(“Master”).Select
 Range(“A1”).Select
 Sheets(“Results”).Select
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 z = 3
 founddiff = False
 alldiff = True
 For i = 0 To 17
  TestArray(i) = Cells(1, 7 + i).Value
 Next
 Do
  For i = 0 To 17
   PossArray(i) = Cells(z, 7 + i).Value
  Next
  ‘PossArray = Range(Cells(z, 7), Cells(z, 24)).Value
  ‘thisarray = TestArray
  ‘thatarray = PossArray
  ‘counter = 1
  For i = 0 To 17
   If TestArray(i) <> PossArray(i) Then
    founddiff = True
   End If
  Next
  ‘While counter <= UBound(thisarray, 2)
  ‘x = thisarray(1, counter)
  ‘y = thatarray(1, counter)
  ‘If x <> y Then
  ‘founddiff = True
  ‘End If
  ‘counter = counter + 1
  ‘Wend
  If founddiff = False Then
   alldiff = False
   Cells(z, 6).Value = Cells(z, 6).Value + 1
  End If
  z = z + 1
  If Cells(z, 1).Value = Empty Then Exit Do
  founddiff = False
 Loop
 If Cells(z - 1, 1).Value = Empty Then z = z - 1
 If alldiff = True Then
  Dim karymorphcount As Integer
  Cells(z, 1).Value = z - 2
  karymorphcount = z - 2
  Cells(z, 6).Value = 1
  Cells(z, 2).Value = numberchromo
  Cells(z, 3).Value = numbersexchromo
  Cells(z, 4).Value = viable
  Cells(z, 5).Value = fi nalnochromo
  Cells(z, 7).Value = nogroups
  Cells(z, 8).Value = numofchains
  Cells(z, 9).Value = norings
  Cells(z, 10).Value = nobivalents
  Cells(z, 11).Value = noxxpairings
  Cells(z, 12).Value = nosinglex
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  Range(“m1:x1”).Select
  Selection.Copy
  Range(“m” & z).Select
  ActiveSheet.Paste
  Range(“A1”).Select
 End If
 If alldiff = True Then
  Sheets(“Master”).Select
  Range(“B14:W14”).Select
  Application.CutCopyMode = False
  Selection.Copy
  Range(“B31”).Select
  Selection.PasteSpecial Paste:=xlPasteValues, Operation:=xlNone, SkipBlanks _
                   :=False, Transpose:=False
  Range(“B31:W531”).Select
  Application.CutCopyMode = False
  Selection.Sort Key1:=Range(“B31”), Order1:=xlDescending, Header:=xlGuess _
      , OrderCustom:=1, MatchCase:=False, Orientation:=xlLeftToRight
  Range(“A1”).Select
  ‘ pasting chromosomes into chromosome sheet
  Dim runningbottomchromatidplace As Integer
  Sheets(“Chromosomes”).Select
  Cells(z, 1).Value = z - 2
  chromosfound = Cells(z, 1).Value
  Sheets(“Master”).Select
  runningbottomchromatidplace = 3
  chainno = 1
  Do
   chainno = chainno + 1
   If Cells(14, chainno).Value > 0 Then
    y = 33
    Do
     If Cells(y, chainno).Value <> Empty Then
      topchromatid = Cells(y, chainno).Value
      topchromatidplace = y
      Exit Do
     End If
     y = y + 1
    Loop
    y = y + 1
    counter = 1
    Do
     If Cells(y, chainno).Value <> Empty Then
      counter = 0
     End If
     If counter > 2 Then
      y = y - 3
      bottomchromatid = Cells(y, chainno).Value
      bottomchromatidplace = y
      Exit Do
     End If
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     counter = counter + 1
     y = y + 1
    Loop
    ‘ reversing order of chromosome if smallest number chromatid on bottom
    Dim tcells As Long, mCells As Long, ix As Long, ox As Long
    Dim iValue As Variant
    Dim reverseorder As Boolean
    reverseorder = False
    If bottomchromatid <> “X” And topchromatid <> “X” Then
     If bottomchromatid < topchromatid Then reverseorder = True
    End If
    If bottomchromatid = “X” Or reverseorder = True Then
     Range(Cells(topchromatidplace, chainno), Cells(bottomchromatidplace, chainno)).Select
     tcells = Selection.Count
     mCells = tcells / 2
     For ix = 1 To mCells
      iValue = Selection.Item(ix).Value
      ox = tcells + 1 - ix
      Selection.Item(ix).Value = Selection.Item(ox).Value
      Selection.Item(ox).Value = iValue
     Next ix
    End If
    Range(Cells(topchromatidplace, chainno), Cells(bottomchromatidplace, chainno)).Copy
    Sheets(“Chromosomes”).Select
    If chainno = 2 Then
     Cells(z, 3).Select
     Selection.PasteSpecial Paste:=xlPasteAll, Operation:=xlNone, SkipBlanks:= _
           False, Transpose:=True
     runningbottomchromatidplace = (bottomchromatidplace - topchromatidplace) + 7
    Else:
     Cells(z, runningbottomchromatidplace).Select
     Selection.PasteSpecial Paste:=xlPasteAll, Operation:=xlNone, SkipBlanks:= _
           False, Transpose:=True
     Cells(z, runningbottomchromatidplace - 2).Select
     With Selection.Interior
      .ColorIndex = 1
      .Pattern = xlSolid
     End With
     Range(“A1”).Select
     runningbottomchromatidplace = (bottomchromatidplace - topchromatidplace) + 
runningbottomchromatidplace + 3
    End If
   Else:
    Exit Do
   End If
   Sheets(“Master”).Select
  Loop
 End If
 Call ResultsbyChains
nextiteration:
 Application.ScreenUpdating = False
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 If karymorphcount = 0 Then
  i = 3
  Sheets(“Chromosomes”).Select
  Do
   If Cells(i, 1) = Empty Then
    Sheets(“Master”).Select
    Exit Do
   End If
   karymorphcount = karymorphcount + 1
   i = i + 1
  Loop
 End If
 Dim lastnewkarymorph As Long
 Dim lastnewkarymorphcount As Long
 If lastnewkarymorph = karymorphcount Then lastnewkarymorphcount = lastnewkarymorphcount + 1 Else 
lastnewkarymorphcount = 0
 lastnewkarymorph = karymorphcount
 If UnlimitedIterations = False Then
  Dim PctDone As Single
  interationnumbertext = interationnumber
  PctDone = interationcount / interationnumber
  With UserForm1
   .FrameProgress.Caption = Format(PctDone, “0%”)
   .LabelProgress.Width = PctDone * (.FrameProgress.Width - 10)
   .LabelProgressHeading = “Running “ & interationnumbertext & “ iterations...”
   .Labelkaryomorphs = karymorphcount
   If karymorphcount > 0 Then
    .Iterationfraction = Format(Sheets(“Results”).Cells(2, 25).Value / karymorphcount, “0”)
   End If
   .Labelnewkarymorhpcount = Format(lastnewkarymorphcount, “0”)
  End With
  ‘  The DoEvents statement is responsible for the form updating
  DoEvents
 End If
 If UnlimitedIterations = True Then
  interationnumbertext = interationcount
  PctDone = 1
  With UserForm1
   .FrameProgress.Caption = Format(interationnumbertext, “0”)
   .LabelProgress.Width = PctDone * (.FrameProgress.Width - 10)
   .LabelProgressHeading = “Running “ & interationnumbertext & “ iterations...”
   .Labelkaryomorphs = karymorphcount
   If karymorphcount > 0 Then
    .Iterationfraction = Format(Sheets(“Results”).Cells(2, 25).Value / karymorphcount, “0”)
   End If
   .Labelnewkarymorhpcount = Format(lastnewkarymorphcount, “0”)
  End With
  ‘  The DoEvents statement is responsible for the form updating
  DoEvents
 End If
 If interationcount = interationnumber Then GoTo fi nishsub Else GoTo Chromsome_modelling
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fi nishsub:
 Unload UserForm1
 Sheets(“Results”).Select
 Range(“A1”).Select
End Sub
Sub ShowDialog()
 UserForm1.LabelProgress.Width = 0
 UserForm1.Show
 ‘Call Chromsome_modelling
End Sub
Sub Clearsheets()
Sheets(“Results”).Select
Range(“A3:x2000”).ClearContents
Range(“y2”).ClearContents
Range(“z2”).ClearContents
Sheets(“ResultsII”).Select
Range(“A3:x2000”).ClearContents
Range(“y2”).ClearContents
Range(“z2”).ClearContents
Sheets(“Chromosomes”).Select
Range(“A3:IV2000”).ClearContents
Range(“A3:IV2000”).ClearFormats
Sheets(“Master”).Select
Range(“A1”).Select
End Sub
Sub insertmenu()
 HelpIndex = CommandBars(1).Controls(“Help”).Index
 Set NewMenu = CommandBars(1).Controls.Add(Type:=msoControlPopup, Before:=HelpIndex, 
temporary:=True)
 NewMenu.Caption = “Delana chromosomes”
 Set Item = CommandBars(1).Controls(“Delana chromosomes”).Controls.Add
 Item.Caption = “Open dialogue box...”
 Item.OnAction = “dialogue”
 Item.BeginGroup = True
 Set Item = CommandBars(1).Controls(“Delana chromosomes”).Controls.Add
 Item.Caption = “Clear sheets”
 Item.OnAction = “Clearsheets”
 Item.BeginGroup = True
 End Sub
Sub BiasSub()
Dim topchromo2 As String
Dim bottomchromo2 As String
Dim nobivalents As Integer
Dim randomno As Integer
Dim loopno As Integer
nobivalents = 0
 Do
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  i = i + 1
  Do
   randomno = Int(((totalchromo + 1) - 2 + 1) * Rnd + 2)
   topchromo = Cells(5, randomno).Value
   If topchromo <> Empty And topchromo <> “X” Then
    Cells(5, randomno).Value = Empty
    Exit Do
   End If
  Loop
  Do
   randomno = Int(((totalchromo + 1) - 2 + 1) * Rnd + 2)
   bottomchromo = Cells(5, randomno).Value
   If bottomchromo <> “X” Then
    If bottomchromo <> topchromo And bottomchromo <> Empty Then
     Cells(5, randomno).Value = Empty
     Exit Do
    End If
   End If
  Loop
  Cells(7, i).Value = topchromo
  Cells(9, i).Value = bottomchromo
  i = i + 1
  Do
   randomno = Int(((totalchromo + 1) - 2 + 1) * Rnd + 2)
   topchromo2 = Cells(5, randomno).Value
   If topchromo = topchromo2 Then
    Cells(5, randomno).Value = Empty
    Exit Do
   End If
  Loop
  Do
   randomno = Int(((totalchromo + 1) - 2 + 1) * Rnd + 2)
   bottomchromo2 = Cells(5, randomno).Value
   If bottomchromo = bottomchromo2 Then
    If bottomchromo <> topchromo And bottomchromo <> Empty Then
     Cells(5, randomno).Value = Empty
     Exit Do
    End If
   End If
  Loop
  Cells(7, i).Value = topchromo2
  Cells(9, i).Value = bottomchromo2
  nobivalents = nobivalents + 1
  If nobivalents = Bias Then Exit Do
 Loop
 End Sub
Sub ResultsbyChains()
Dim v As Integer
Dim TryArray(16)
Dim PossTryArray(16)
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Sheets(“ResultsII”).Select
 Sheets(“ResultsII”).Cells(2, 26).Value = Sheets(“ResultsII”).Cells(2, 26).Value + 1
 Range(“a1:z1”).ClearContents
 Sheets(“Master”).Select
 numberchromo = Cells(1, 2).Value
 numbersexchromo = Cells(2, 2).Value
 fi nalnochromo = Cells(18, 2).Value
 nogroups = Cells(15, 2).Value
 numofchains = Cells(25, 2).Value
 norings = Cells(23, 2).Value
 nobivalents = Cells(24, 2).Value
 noxxpairings = Cells(26, 2).Value
 nosinglex = Cells(27, 2).Value
 viable = Cells(17, 2).Value
 Dim chainarray() As Integer
 ReDim chainarray(25) As Integer
 Sheets(“ResultsII”).Select
 ‘pasting into comparing row
 Cells(1, 2).Value = numberchromo
 Cells(1, 3).Value = numbersexchromo
 Cells(1, 4).Value = viable
 Cells(1, 5).Value = fi nalnochromo
 Cells(1, 7).Value = nogroups
 Cells(1, 9).Value = numofchains
 Cells(1, 8).Value = norings
 Cells(1, 10).Value = nobivalents
 Cells(1, 11).Value = noxxpairings
 Cells(1, 12).Value = nosinglex
 Sheets(“Master”).Select
 tally = 0
 For i = 1 To nogroups
  If Cells(32, i + 1).Value = “chain” Then
   chainarray(tally) = Cells(29, i + 1).Value
   tally = tally + 1
  End If
 Next
 Sheets(“ResultsII”).Select
 For i = 1 To tally
  Cells(1, i + 12).Value = chainarray(i - 1)
 Next
 ReDim chainarray(15) As Integer
 Range(“M1:Z1”).Select
 Application.CutCopyMode = False
 Selection.Sort Key1:=Range(“L1”), Order1:=xlAscending, Header:=xlGuess, _
     OrderCustom:=1, MatchCase:=False, Orientation:=xlLeftToRight
 Range(“A1”).Select
 Sheets(“Master”).Select
 Range(“A1”).Select
 Sheets(“ResultsII”).Select
 z = 3
 founddiff = False
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 alldiff = True
 For v = 0 To 16
  TryArray(v) = Cells(1, 7 + v).Value
 Next
 Do
  For v = 0 To 16
   PossTryArray(v) = Cells(z, 7 + v).Value
  Next
  ‘PossArray = Range(Cells(z, 7), Cells(z, 24)).Value
  ‘thisarray = TestArray
  ‘thatarray = PossArray
  ‘counter = 1
  For v = 0 To 16
   If TryArray(v) <> PossTryArray(v) Then
    founddiff = True
   End If
  Next
  ‘While counter <= UBound(thisarray, 2)
  ‘x = thisarray(1, counter)
  ‘y = thatarray(1, counter)
  ‘If x <> y Then
  ‘founddiff = True
  ‘End If
  ‘counter = counter + 1
  ‘Wend
  If founddiff = False Then
   alldiff = False
   Cells(z, 6).Value = Cells(z, 6).Value + 1
  End If
  z = z + 1
  If Cells(z, 1).Value = Empty Then Exit Do
  founddiff = False
 Loop
 If Cells(z - 1, 1).Value = Empty Then z = z - 1
 If alldiff = True Then
  ‘Dim karymorphcount As Integer
  Cells(z, 1).Value = chromosfound
  Cells(z, 6).Value = 1
  Cells(z, 2).Value = numberchromo
  Cells(z, 3).Value = numbersexchromo
  Cells(z, 4).Value = viable
  Cells(z, 5).Value = fi nalnochromo
  Cells(z, 7).Value = nogroups
  Cells(z, 9).Value = numofchains
  Cells(z, 8).Value = norings
  Cells(z, 10).Value = nobivalents
  Cells(z, 11).Value = noxxpairings
  Cells(z, 12).Value = nosinglex
  Range(“m1:x1”).Select
  Selection.Copy
  Range(“m” & z).Select
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  ActiveSheet.Paste
  Range(“A1”).Select
 End If
End Sub
Sub warning()
MsgBox “Too few lines”
End Sub
Appendix 2
The R program to calculate the probability of shared fusions 
By Dr Terry Neeman
#This program computes the probability that, given the fusion type (12)(34)...(2n-1 2n) 2n+1 a randomly drawn 
population will match on 1,2, etc fusions.
#Set up n x(n+1) matrix where the row corresponds to a 2k+1 arms forming k fusions.
#the fi rst column is the probability that the populations match on all k fusions.
#The ith column is the probability that the populations match on (k-i+1) fusions.
#The last entry in the row is the probability that the pops match on NO fusions.
#Notice that this probability is always the highest, and ranges between .60 and .67.
 
n<-21 #n is the number of fusions
match<-matrix(0,n,n+1) #this matrix will hold number of possible fusion types that agree on 1,2 etc fusions
total<-c(3,rep(0,n-1)) #this will be the total number of fusion types for each number of arms
match[,1]<-1 #fi rst column is all 1’s since if they match on all fusion types, they are the same
match[1,2]<-2 #for n=1 (1 pairing), 2 ways to draw a mismatch.
for (i in 2:n)
 {for (j in 2:i)
  {total[i]<-choose(2*i+1,2)*total[i-1]/i #recursive function to compute total number of fusion types
   match[i,j]<-choose(i,j-1)*match[j-1, j] #set aside some fusions (how many ways?), then number of ways of 
getting no matches in remainder
  }
 match[i,i+1]<-total[i]-sum(match[i,1:i]) #number of zero matches
 }
 totmatrix<-matrix(total,n,n+1)
prop<-match/totmatrix #probability matrix, where e.g. prop[21,1]is probability of 21 matches and prop[21,22] is the 
probability of 0 matches.
> prop[21,] #probabilities of 21,20,...0 shared fusions for 43 arms.
 [1] 1.773483e-27 7.448631e-26 3.724315e-24 1.603938e-22 6.411036e-21 2.376074e-19
 [7] 8.184706e-18 2.618342e-16 7.761056e-15 2.123772e-13 5.339198e-12 1.225594e-10
[13] 2.549073e-09 4.758030e-08 7.875038e-07 1.138032e-05 1.406982e-04 1.447148e-03
[19] 1.188985e-02 7.316706e-02 2.998021e-01 6.135409e-01
>
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“And now, let me propose something, to which you may object...violently.”
James Burke, Connections
Chapter 6
Synopsis, speculation and future directions.
 This thesis has touched on many different aspects of the evolution of D. 
cancerides. In order to clarify the chain of events that appear to have led to the diversity 
and complexity observed presently, a synopsis of the hypotheses proposed is presented 
below. This is followed by a section presenting speculation regarding the evolution 
of recombinant hybrid zones between chain carrying karyomorphs. Although this is 
directly related to the data discussed in Chapter 4, it is highly speculative and therefore 
inappropriate for inclusion in a data chapter. It has been included here simply as an 
exercise in thought provocation. The last section of this chapter outlines the research 
that deserves to be done on this fascinating species in the future.
Synopsis
 Before this project began, fi ve karyomorphs of D. cancerides had been 
described: tII, mII, CIIIW, CV and CIX. The fi eld collections and hybridization 
experiments described in this thesis have expanded this list considerably. The following 
is a complete list of the presently described karyomorphs of this species: tII, mII1, mII2, 
mII3, mII4, mII5, mII6, CIIIE, CIIIW, CV, CVIIS, CVIIN, CIX, CXIII, CXIX, CV+CIII, 
CV+CV, CVII+CIIIS, CVII+CIIIN, CVII+CIIIt, and CIX+CIII. The following is a 
synopsis of how I think these karyomorphs evolved.
 A population of D. cancerides with the ancestral tII confi guration was 
widespread when the Australian climate began to dry in the late Miocene. This resulted 
in gradual fragmentation of populations such that some groups remained connected for 
longer than others, producing the four clades described in Chapter 3. This was probably 
followed by a long period of range expansions and contractions to multiple refuges for 
each clade. This is likely to have happened in such a way that populations within the 
clades were repeatedly brought back together, but the clades themselves rarely made 
substantial contact until after fusion saturation. Occasional brief touch-and-go contacts 
between clades during this time may have allowed nuclear gene fl ow without substantial 
mtDNA introgression due to males being the dispersive sex.
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 The multiple origin of different fusion saturated populations from tII implicates 
meiotic drive as the most likely fusion-fi xing process. During this period of fl uctuating 
distributions, meiotic drive probably changed direction and spread through most 
populations of the species. Very little is known about the inheritance of such a change, 
so I can only speculate as to why some populations were not included. The present day 
Queensland, Victorian and Tasmanian tII populations may have not been connected 
with the other populations when the direction change was spreading, they may have 
evolved drive suppressors, or they could even have since reverted to driving telocentric 
chromosomes.
 Once Robertsonian fusions were being driven, these mutations would have 
begun to accumulate in populations. Contacts of divergent populations probably allowed 
fusions to move among populations within clades. Stochastic processes such as founder 
effects, random genetic drift, and leading edge expansion are likely to have been 
important in determining which fusions were spread or lost. Fusions involving the X 
chromosomes were critical in this process, as fi xation of each of these within a lineage 
narrowed down the range of possible present day karyomorphs that could be produced. 
For example, fi xation of an X-X fusion meant that descendents could have either mII or 
single chains, but not double chains unless an appropriate WART was later also fi xed.
 Fixation of X-autosome fusions would have been a turning point for populations, 
because subsequent fusions involving the telocentric at the end of the chain would 
have added fusions to the chain. Indeed, introgression of fusions could also add to 
chains, and not necessarily only at the telocentric end. As chains were gradually 
building up in populations, sex linkage would have meant that fusions began to be 
linked into sets rather than moving between populations independently. As fusions 
approached saturation, it is likely that partial RI began to develop between differentiated 
populations. This could be due to malsegregation of hybrid confi gurations that are 
larger than those carried within populations, or genetic incompatibility that had 
become associated with fusions or fusion sets. The more fusions that were different in 
hybridizing populations, the greater the probability of incompatibilities occurring. This 
would reduce introgression of fusions, and mean that karyomorphs began to precipitate 
out of the previously fl uid exchange of fusions and gene fl ow.
 Unless meiotic segregation mechanisms were pre-adapted to segregate 
chromosome multiples accurately, malsegregation would have reduced fertility 
while fusions were being fi xed. This would result in selection pressure to improve 
segregational success, because meiotic drive would ensure that fusions persisted in 
populations despite increasing malsegregation rates. At fi rst this selection may have 
been due to the simple heterozygotes formed by new metacentrics with their telocentric 
homologues. Once an X-autosome fusion was fi xed however, selective pressure would 
have mounted with each fusion which added to the length of the chain. In this way, 
improved segregation accuracy could have evolved slowly as fusions accumulated and 
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chains were built.
 In the mII karyomorphs of the Southern clade, the progression of fusion 
saturation is likely to have been somewhat different. Although it is unknown why this 
clade is characterized by predominantly mII forms, possibilities include; a lack of 
appropriate genetic diversity with which to develop improved segregation mechanisms, 
weaker meiotic drive resulting in slower fusion saturation, and early spread of an X-X 
fusion coupled with a lack of fusions involving the third X. It is also possible that all the 
newly described mII karyomorphs have diverged from mII1 by WART mutations.
 WART mutations are also likely to have been important in the chains 
system, as they may have allowed diversifi cation to continue after fusion saturation. 
Isolated populations may fi x such mutations and then come back into contact with 
their progenitor karyomorph, resulting in few fusion differences between adjacent 
karyomorphs which share mtDNA clade association. It is likely that this is how the 
CV+CV karyomorph evolved from a CIX ancestor.
 Reticulation of lineages has almost certainly also added to the diversity 
observed in this species presently. Up to four of the described karyomorphs may be 
recombinant, and it is uncertain how many of the others originated in this way. The 
patchy and ephemeral nature of the dead tree habitat may have predisposed this species 
to fragmentation and reticulation. Indeed, this patchiness may have been important 
throughout the process of divergence of the mtDNA clades and fusion saturation, as 
well as allowing WART mutations and reticulation to continue the diversifi cation.
 It may at fi rst seem paradoxical, but partial RI is also likely to have contributed 
to the diversity and complexity observed in this species. If karyomorphs were 
not partially isolated, contact zones would have become wide neutral zones of 
intergradation, and resulted in a fl uid mess of fl oating chromosomal polymorphism. On 
the other hand, if karyomorphs were completely isolated they would be separate species. 
Thus, partial RI has allowed karyomorphs to maintain their integrity by connecting them 
with narrow tension zones, whilst also maintaining species connectivity by allowing 
gene fl ow through those tension zones. Staggered hybrid zones may indicate that partial 
RI is due to secondary contact in the early stages of genetic divergence.
 Therefore, some of the many reasons this species has become so chromosomally 
diverse and complex may be: habitat patchiness resulting in many small demes, 
vicariance, meiotic drive direction change, multiple X’s allowing several different 
fusion confi gurations, evolution of improved segregation mechanisms, WARTs, 
evolution of partial RI, and staggered clines. And perhaps the most important 
contributors to the diversity observed presently are quite simply a continent-wide 
distribution and an extremely long and ongoing history of divergence.
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Speculation
The above synopsis reviews the conclusions that can be made with some 
degree of confi dence on the basis of the present data. However, there are a number 
of observations in this thesis whose explanation is less clear, but potentially of great 
interest. In particular, the following observations are likely to be linked:
 - Gene fl ow through hybrid zones between different mtDNA clades appears 
to be reduced in females relative to males. Such hybrid zones tend to be between 
karyomorphs with different X chromosome fusion confi gurations (Chapter 3).
 - Two hybrid zones between karyomorphs with different X fusion confi gurations 
have been found to have staggered clines for sex-specifi c sets of fusions. When the 
parental karyomorphs from one such zone were hybridized in the laboratory, only male 
hybrids were produced (Chapter 4).
 An hypothesis was proposed in Chapter 4 to explain the above observations. 
This hypothesis requires that F1 female hybrids, and one of the reciprocal male 
hybrids (pseudo-parentals in the zones discussed) of karyomorphs with different X 
confi gurations should have reduced fi tness relative to the recombinant male hybrid. 
Although there are two independent indications of reduced female fi tness, that the 
pseudo-parental male types also suffer either reduced viability or fertility has only 
been inferred from the structure of the recombinant hybrid zones. Therefore, the data 
are incomplete and the ideas presented below are highly speculative. Nevertheless, the 
most obvious criticism of this hypothesis, Haldane’s rule (Haldane 1922) has, on closer 
examination, raised some tantalizing possibilities as to how recombinant hybrid zones 
work in this species, and why they appear to have evolved repeatedly.
 Haldane’s rule is so well supported in a diverse range of taxa that it has been 
dubbed ‘the fi rst rule of speciation’ (Coyne & Orr 1989; Masly & Presgraves 2007). 
Haldane’s rule states that:
  “When in the F1 offspring of two different animal races one sex is absent, 
rare, or sterile, that sex is the heterozygous sex.
  By the heterozygous sex is meant that sex which is known to be 
heterozygous for sex factors and sex-linked factors, to contain an odd pair or an 
odd number of chromosomes, and to produce two different classes of gametes, 
which normally determine the sex of the offspring.”
  Italics in the original. Page 1 of Haldane (1922).
 This is widely interpreted as meaning that the F1 heterogametic sex is 
inviable or infertile, where heterogametic refers to the XY or ZW sex in the common 
chromosomal sex determination systems (Wu et al. 1996; Orr 1997). However, D. 
cancerides has a somewhat idiosyncratic sex determination system, and a high degree 
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of variation. In the putatively ancestral tII karyomorph, females carry three pairs of X 
chromosomes (six in total), and males carry one of each X (three in total) meaning that 
males are hemizygous and therefore heterogametic. In mII karyomorphs two of the non-
homologous X’s are fused together, and the third X is not fused. In single chain carrying 
karyomorphs two X’s are fused together and the third is fused to an autosome. In double 
chain carrying karyomorphs all three X’s are fused to autosomes. In single and double 
chain karyomorphs, highly variable numbers of neo-X and neo-Y chromosomes are 
also present (two to eighteen of the twenty original telocentric pairs). Furthermore, even 
though populations may share the fusion confi guration of their X’s, they may not share 
the actual fusions.
 This complicates the interpretation of this system with respect to Haldane’s 
rule because although males are the heterogametic sex in this species, female hybrids 
between populations with different X chromosome fusions are not homogametic in the 
usual sense of the word. Such females must carry X and neo-X chromosome multiples 
(see Chapter 2 Figure 4 D, and Chapter 4 Figures 6 B and 7 B for examples), so these 
females are “heterozygous for sex factors and sex-linked factors”, and do “contain 
odd pair[s] of chromosomes”, and must “produce two different classes of gametes”. 
Thus, by the wording of the original text it could be argued that such females are infact 
heterozygous, and therefore may come under the rule. Several other systems with 
X-autosome or Y-autosome fusions comply with the generally understood interpretation 
of the rule (Orr 1997; Charlesworth & Wall 1999; Charlesworth et al. 2005), however 
the extent of sex-linkage observed in D. cancerides is far in excess of any species 
reported as having been assessed for compliance to the rule. Thus, from the outset there 
are doubts about what this rule actually means for this species.
 Haldane’s rule has been explained by many different models over the years, 
but presently there appears to be a consensus that the Dominance theory is the most 
plausible explanation (Orr 1997; Orr & Presgraves 2000). The Dominance theory 
suggests that the alleles which cause BDM incompatibilities in hybrids tend, on average, 
to act recessively. This means that the phenotype of hybrid inviability or infertility is 
most likely to be observed in the heterogametic sex (Orr 1993, 1995; Turelli & Orr 
1995; Orr 1997). This is thought to compensate for the fact that the homogametic 
sex carries twice as many potentially deleterious X linked alleles because they have 
twice as many X chromosomes. This tradeoff leads to the conclusion that if the alleles 
responsible for RI were entirely dominant, then over evolutionary time-scales females 
would become inviable / infertile before males. However, if the alleles were completely 
recessive, then males would become inviable / infertile but females would not. If the 
alleles had intermediate dominance, then both sexes should become inviable / infertile 
at the same time. Thus, to produce Haldane’s rule, alleles causing RI must, on average, 
be mostly recessive (Turelli & Orr 1995).
 Another important aspect of the Dominance theory is that male hybrid 
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incompatibility is intrinsically asymmetrical (Orr 1995). This is because each of the two 
reciprocal male F1 hybrids carries X-linked alleles from a different parental population. 
In the early stages of divergence when relatively few incompatibilities exist, one of 
the males will inevitably become inviable/ infertile before the other. When many 
incompatibilities exist, the law of large numbers dictates that the impact should be 
approximately equal for each of the reciprocal males. In contrast, the female F1 hybrids 
produced by reciprocal crosses are expected to be genetically equivalent unless maternal 
effects are present (Mousseau & Dingle 1991; Orr 1995). Therefore, the Dominance 
theory predicts that the reciprocal males will be affected by genetic incompatibility one 
after the other, followed by the females.
 This suggests that for one of the reciprocal males and the females to be affected 
by incompatibilities in recombinant hybrid zones in D. cancerides, the average 
dominance of incompatibility alleles would have to be greater than usual. However, 
the difference need not be great because the females have become affected before one, 
not both, of the reciprocal males. Given the staggered sex-linked clines in these hybrid 
zones, it seems unlikely that additional incompatibility alleles will become fi xed in the 
parental karyomorphs that will cause inviability or infertility of the recombinant male 
type. Therefore, the recombinant hybrid zones described in Chapter 4 may have been 
stopped in their tracks at this rather unusual point of partial divergence by the staggering 
of the clines. This makes the question of how the recombinant zones work become a 
question about why the incompatibility alleles in this species would be more dominant 
than usual.
 A moment’s contemplation of the magnitude of chromosomal rearrangement, 
and the extent of sex-linkage observed in chain carrying karyomorphs of this species 
will convince the reader that the evolution of autosomal loci tightly linked to fusions 
is unlikely to have been comparable to that of the same loci in tII populations. Many 
papers in recent years have discussed the effect that chromosomal differences between 
hybridizing populations can have on sequence evolution. Chromosomal rearrangements 
have been found to be associated with accelerated sequence divergence, altered gene 
regulation profi les, environmental adaptation and genetic reproductive isolation (Searle 
1993; Johnson & Porter 2000; Noor et al. 2001; Rieseberg 2001; Coluzzi et al. 2002; 
Machado et al. 2002; Ortίz-Barrientos et al. 2002; Feder et al. 2003; Navarro & Barton 
2003a, 2003b; Panithanarak et al. 2004; Stump et al. 2005a; Stump et al. 2005b; Turner 
et al. 2005; Macholán et al. 2007; Noor et al. 2007; McAllister et al. 2008; Zhou et al. 
2008). All this is fundamentally due to the propensity of chromosomal rearrangements 
to alter recombination patterns, because less recombination means that sequence 
divergence, and hence RI loci, can accumulate without being homogenized by gene fl ow 
and recombination.
 Recombination patterns are indeed different for fused and un-fused 
chromosomes in D. cancerides. Recombination is signifi cantly less frequent in the 
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region proximal to the centromere in metacentric bivalents than in telocentric bivalents. 
Furthermore, recombination is also less frequent in proximal regions of chromosomes in 
chains than in metacentric bivalents. In the CIX karyomorph one chromosome is known 
to always have distal chiasmata, and a normally autosomal allozyme locus is sex-linked 
(Rowell 1990, 1991). This indicates that signifi cant portions of fused chromosomes, 
and especially chromosomes in chains, may be protected from introgression by reduced 
recombination near the centromere.
 Changed recombination patterns may be necessary for accurate alternate 
segregation of chromosomal multiples (Rickards 1964, 1983; Hejnowicz & Feldman 
2000), or it may be related to other processes. Monobrachial homology extends 
linkage to include the proximal regions of all members of the X or Y linked fusion set. 
As linkage is extended, the chances of epistatic combinations of alleles at different 
loci being selected for by directional or disruptive selection increases (Charlesworth 
& Charlesworth 1980; Charlesworth et al. 2005). This may in turn select for further 
reduced recombination. In addition, position effects caused by Robertsonian fusions can 
cause centromeric heterochromatin to expand. Changes in heterochromatic domains can 
silence loci near the boundary, reduce recombination close to the centromere, and alter 
expression profi les where regulatory loci are affected (Kleinjan & von Heyningen 1998; 
Holmquist & Ashley 2006).
 Another process that may be relevant is the divergent degeneration of ancestral 
gene duplicates. Duplicate genes appear to be a common feature of most genomes, 
and they are known to evolve relatively rapidly, and be clustered around centromeres, 
telomeres and chromosomal rearrangements (Marques-Bonet et al. 2008). Over time, 
such duplicates generally diverge by acquiring new functions, becoming sub-functional, 
or, more commonly, losing function entirely. If this process occurs independently in two 
allopatric populations, it is possible that one population will lose function in one copy, 
but the other population will lose function in the other copy. This could produce hybrids 
without a functional copy of the gene, which could result in infertility or inviability 
(Lynch & Force 2000; Burke & Arnold 2001).
 When contemplating the above processes, it is important to remember that the 
expressed genome is a complex web of interactions. Developmental systems are known 
to turn over the alleles involved in regulatory pathways without changing the phenotype 
or even the quantity of protein produced (True & Haag 2001; Rice 2005). When 
perturbed, compensatory regulatory evolution means that changes in cis-regulatory 
elements can be compensated by changes in trans-regulatory elements and vice versa, 
so the expression profi le can remain constant. If this occurs independently in allopatric 
populations, hybrids can be produced with expression profi les well outside the ranges of 
either parental population, possibly resulting in inviable or infertile hybrids (Landry et 
al. 2005; Wang et al. 2008). The effects discussed above suggest that fusion saturation 
is likely to have resulted in perturbation and wide-ranging divergence of regulatory 
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systems in D. cancerides.
 All of the above processes may have occurred in all fused chromosomes. So 
with the exception of the single telocentric chromosome in males, and the telocentric 
pair in females, the entire genome in fusion saturated populations may have been 
affected. This could result in potentially far-reaching trickle-down effects that could 
alter gene regulation profi les genome-wide. For chromosomes that are part of chains, 
the ramifi cations of fusion saturation may be exacerbated by the extension of linkage to 
include not only the proximal regions of the fused ancestral telocentric pairs, but these 
regions of all the fusions linked together to form an X or Y linked fusion set. Moreover, 
these chromosomes are also neo-sex chromosomes, and as such are likely to experience 
a range of sex chromosome specifi c effects.
 Members of the Y linked fusion set are functioning as neo-Y chromosomes, so 
the proximal regions of these chromosomes are likely to be sex-limited (never being 
passed to females). The more loci that become sex-limited, the greater the chances 
become of sex-specifi c functions being selected for at some of them. This can provide 
a special and powerful case for selection for further reductions in recombination to 
keep such alleles together and exclusive to males (Charlesworth & Charlesworth 
1980; Charlesworth & Wall 1999; Charlesworth et al. 2005). Furthermore, the more 
recombination is reduced in sex-limited regions of the neo-Y’s, the greater the 
chances become that some loci will accumulate mutations that cannot be purged by 
recombination and selection, and so Y chromosome degeneration may ensue. Although 
little is known about this process in systems with multiple neo-Y’s, in simpler systems 
where a single autosome has become a neo-sex chromosome, recombination reduction, 
Y degeneration and dosage compensation appear to accumulate progressively (Bachtrog 
& Charlesworth 2002; Charlesworth et al. 2005; Zhou et al. 2008).
 The situation is very different for the neo-X chromosomes because they are not 
sex-limited, and so may experience free recombination in females with homozygous 
fusions. However, as the neo-Y’s degenerate, more and more previously autosomal 
loci will have to adapt to being hemizygous in males. This may mean that loss-of 
function mutations would be unlikely to accumulate on neo-X’s, increasing the average 
dominance of incompatible alleles (Orr 1993; Turelli & Orr 1995). However, the small 
number of incompatibility loci that have been found thus far are mostly regulatory 
rather than protein-coding (Orr & Presgraves 2000).
 Perhaps the most important effect of becoming a neo-X, and therefore 
hemizygous in males, is that dosage compensation is highly likely to evolve 
(Charlesworth & Wall 1999; Charlesworth et al. 2005). The mechanism of dosage 
compensation in spiders is unknown, but it is likely that existing mechanisms would 
be recruited. Irrespective of whether this involved down-regulation in females or up-
regulation in males, neo-X loci becoming dosage compensated would mean accelerated 
evolution of the relevant regulatory loci.
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 The independent evolution of sex-limited expression in populations with 
different fusions in the neo-X and Y fusion sets is likely to have a profound effect on 
hybrids. It is important to note that dominance within a population does not necessarily 
equate to dominance in hybrids (Orr 1995). This is especially so if different chain 
carrying karyomorphs have evolved female-limited expression controls in response to 
particular mutations that are advantageous in males but not in females. Thus, dosage 
compensation may play a role in determining the dominance of neo-X loci in hybrids.
 Therefore, the sheer weight of numbers of loci that have been affected by 
fusion saturation, and are in the transition from autosomal to X-linked inheritance, 
could mean that the evolution of gene regulation is accelerated and skewed towards 
greater dominance in hybrids. This would result in greater RI in hybrid zones between 
karyomorphs that have different X chromosome fusions than those that share X fusions, 
and is likely to produce a pattern of hybrid inviability / infertility which is not in 
accordance with Haldane’s rule.
Future Directions
 This research has suggested many more questions than it has answered. The 
following is a brief summary of research which I would like to see done, although a 
great many more lines of enquiry are possible.
 - Field collection and meiotic analysis. D. cancerides is known to have a 
continent wide distribution, yet samples have to date predominantly been collected 
from Victoria and eastern NSW. It is highly likely that many more karyomorphs of 
this species exist, particularly in central NSW and south-western Western Australia. 
Identifi cation of more karyomorphs would allow: greater insight into what is possible 
for this species, further assessment of whether similar fusion confi gurations tend to 
have contiguous distributions, and provide a better comparison to the Fusion Model of 
proportions of confi guration types and chain lengths (Chapter 5).
  - Of special interest is the area to the north and west of the present range 
in NSW, where the Northern and Warren clades appear to be distributed. Sampling 
of more individuals, and inevitably more karyomorphs from these areas would allow 
testing of the hypothesis that the clades underwent fusion saturation independently. If 
this is true, then it is possible that the Eastern, Northern and Warren clades have also 
evolved improved segregation mechanisms independently. The CVIIN karyomorph is 
likely to be a recombinant population, as it appears likely that it shares X fusions and 
signifi cant mtDNA introgression with CV. Similarly, the CV+CIII karyomorph is likely 
to be a recombinant population, representing the next step in the CVII+CIIIN staggered 
clines. It would be interesting to know how far (or how many karyomorphs) back into 
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the distribution of the Northern, Warren, and Southern clades Eastern clade fusions can 
be found (and vice versa).
  - Further investigation of the hybrid zones within this complex species 
is clearly needed. Well targeted fi ne scale sampling through a variety of hybrid zones 
would be highly informative regarding the position of zones in low density populations, 
the width, shape and relative position of clines, and modifi cation of the zones. In 
recombinant hybrid zones, female clines are predicted to be narrower, and centered on 
low density populations more often than male clines. In hybrid zones involving tII or 
mII karyomorphs and a form with different X fusions, the X chromosome clines are 
predicted to be narrower than the autosomal clines. Such clines may also be staggered. 
In hybrid zones involving two mII karyomorphs, the clines for different fusions are 
predicted to be staggered, and novel fusions may be present.
 - Meiotic analysis of females. The present inability to analyze the meiotic 
confi guration of female spiders means that all hypotheses presented in this and 
previous research are based on certain assumptions. Kral (2007) mentions a technique 
which allows analysis of female spider meiotic spreads, which should be tested on D. 
cancerides specimens. If successful, this would allow future researchers to test the 
following assumptions;
  - X chromosomes pair and recombine freely during meiotic cell division 
in females of this species.
  - Female spiders from mII and chain carrying karyomorphs carry 
metacentric bivalents at meiosis due to homozygosity for fusion combinations.
  - Female spiders from hybrid zones between different mII karyomorphs 
carry autosomal rings.
  - Female spiders from hybrid zones between chain carrying karyomorphs 
carry rings or chains made up of X’s and neo-X’s from both parental populations.
 The development of this technique would also allow investigation of whether 
the different mII forms include the same X-X fusion (see Chapter 2 Figure 4 D). Also 
of great interest is the meiotic confi guration of female spiders from hybrid zones 
between chain carrying karyomorphs. This would allow direct comparison of the fusion 
combinations in the different X fusion sets.
 - Chromosome specifi c markers. Markers which allow the identifi cation of 
specifi c chromosomes would allow us to determine the exact fusion differences 
between karyomorphs and also extend detailed phylogeographic analysis to nuclear 
markers (see below). Traditional banding methods have proven unhelpful due to a high 
degree of variation between homologues (G, C, N and R-banding, D. Rowell pers. 
comm.). Fluorescent in-situ hybridization (FISH) markers are likely to be the best way 
to approach this. Initial attempts were made as a part of this project using telomere 
241
sequence probes, however this was unsuccessful (probably due to spiders not carrying 
any known telomere sequence (Sahara et al. 1999; Vitková et al. 2005)), and further 
attempts were not possible due to time constraints. Identifi cation of appropriate markers 
is probably best approached using micro-dissection rather than fl ow sorting, as the 
chromosomes of this species are all of very similar size. Development of chromosome 
specifi c markers would allow future researchers to test the following conclusions from 
Chapter 4;
  - Karyomorphs share more fusions within clades than between clades
  - Karyomorphs with contiguous distributions share more fusions than 
those with disjunct distributions.
  - The six bivalents observed in CVII+CIIIS are the same six bivalents 
seen in CIX and CV+CV. Likewise for CVII+CIIIN, CV and CV+CIII.
 Development of the capability to identify individual fusions would also allow us 
to investigate the following questions;
  - What is the relative importance of contiguous distribution and clade 
association with regards to shared fusions?
  - Which fusions have introgressed between karyomorphs / clades?
  - How often are pseudo-parental males observed in recombinant hybrid 
zones?
  - Are the six bivalents observed in CVII+CIIIS and CVII+CIIIN the 
same? If so, what other karyomorphs share these fusions?
  - Are there bivalents which are shared by all karyomorphs within a 
clade? These are predicted to be the oldest fusions.
  - Do all single chain karyomorphs within the Eastern clade share the 
same X-autosome fusion? If so, this is expected to be among the oldest fusions.
  - Do all mII karyomorphs share the same X-X fusion? If so, this is also 
expected to be among the oldest fusions.
  - Is the slight size difference of one of the X’s a reliable marker? One 
X chromosome often appears slightly longer than the others, but cells from a single 
individual can contradict each other regarding the position of the larger X. Because of 
this problem I chose to be conservative and not use this trait, but if the inconsistencies 
could be resolved than it could be a very highly informative marker.
  - How many karyomorphs could have diverged from neighboring 
populations via WART mutations?
  - How many karyomorphs could have arisen via zonal raciation as 
recombinant karyomorphs?
  - Is it possible that the diversity of chain carrying karyomorphs of D. 
cancerides can be derived from the overlapping distributions of relatively few X and Y 
linked fusion sets? If so, then these distributions may be the unit of population structure 
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that is most important in this system.
 - Nuclear and mtDNA markers for population genetics and phylogeography.  
Although the allozyme data of Rowell (1990) are highly informative, sample sizes 
were extremely limited, as was geographic coverage. Moreover, most of the known 
karyomorphs were not included in that investigation. Allozyme markers were intended 
to be used as part of this project, but this was not possible due to a freezer malfunction 
degrading the necessary samples. Caution should be exercised when analyzing nuclear 
markers in this species however, due to the extensive and variable sex linkage in chain 
carrying karyomorphs; all individuals analysed genetically should have their cytological 
structure confi rmed. Large sample sizes and careful analysis are required to ensure 
detection of sex-linkage.
 The mtDNA sequencing data presented in Chapter 3 provides a fi rst glimpse of 
a very complicated system, but is insuffi cient to examine many aspects of this species. 
Therefore, there is great scope for further population genetic and phylogeographic 
investigations of this species. The analysis of multiple nuclear and mtDNA markers 
would allow investigation of the following;
  - Verifi cation that this is indeed a single species should be given priority. 
For this, the Genealogical Concordance Concept should be applied using a wide variety 
of unlinked nuclear and mtDNA loci. This species concept is based on the phylogenetic 
species concept, but relies on concordance of multiple unlinked markers for species 
delineation (Avise & Ball 1990; Taylor et al. 2000; Shaw 2002; Sites & Marshall 2004).
  - More accurate dating of the divergence of the clades is very important, 
as the dates presented in Chapter 3 are very approximate.
  - Nuclear gene fl ow appears to be high within and between karyomorphs, 
yet mtDNA gene fl ow appears to be limited, particularly across hybrid zones between 
karyomorphs with different X fusions. This needs to be verifi ed with more intensive 
sampling in and around hybrid zones. For comparison, some direct estimates of 
dispersal such as a mark recapture study would also be valuable. In particular, in order 
to disentangle the effects of female philopatry and hybrid dysfunction, the gene fl ow 
within karyomorphs should be compared to that across hybrid zones of various types. 
Furthermore, comparisons of different zones would be highly informative. For instance, 
is there more or less gene fl ow between the following?
   - mII karyomorphs with many fusion differences (large rings) 
compared to those with few differences (small rings).
   - Parapatric chain carrying karyomorphs with recombinant hybrid 
zones compared to those without (if any are found).
   - Chain carrying karyomorphs compared to mII karyomorphs.
   - Karyomorphs with different X fusions compared to those with 
the same X fusions in mII and chains systems.
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   - Karyomorphs with different X fusions within the same clade, 
compared to those from different clades.
  - More intensive sampling is also needed to extend the historical 
phylogeographic analysis begun by this project. The hint of further structure within 
the Eastern and Southern clades needs to be investigated with fi ner-scale sampling. 
Such structure may be important in untangling the history of fusion saturation in 
these karyomorphs. Certain clades identifi ed by this study also warrant further 
phylogeographic investigation.
   - The Talbingo sub-clade (mII3) appears to be an isolate of the 
Northern clade, yet shares the mII confi guration of the Southern clade karyomorphs 
surrounding it. Investigation of this karyomorph, how it evolved, and how it relates to 
those around it may be informative regarding the evolution of the mII system.
   - The Western sub-clade of the Southern clade suggests recent 
links between the eastern and western coasts of the Australian continent. It seems highly 
likely that the bio-diversity hotspot in the south-west of Western Australia is occupied 
by a diversity of karyomorphs. Further sampling in the west and south of the continent 
is necessary to provide specimens for historical phylogeographic investigation of the 
southern distribution of this species. This will allow assessment of the hypothesis that 
climate cycling resulted in repeated cycles of vicariance and range expansion.
   - As has been discussed above, the Northern and Warren clades 
need to be represented by more samples in order to fully investigate the evolution of 
these clades, and their divergence of from Southern and Eastern.
   - The CIX+CIII karyomorph clearly carries a high frequency 
of numt sequences. Samples of this karyomorph should be sequenced in future using 
highly diluted DNA in order to ensure amplifi cation of the true mtDNA gene.
 - Further hybridization experiments. There is clearly a great deal more that 
can be learned about this species from hybridization experiments. In particular, the 
following would be informative;
  - Mate choice experiments would provide a much better indication of 
whether pre-mating RI is present between karyomorphs of this species than the latency 
to mating used here.
  - Many of the crosses set up as part of this project were unsuccessful, 
but it is uncertain whether this is due to an inherently low success rate, or the existence 
of stronger RI between these karyomorphs. Larger sample sizes are required to assess 
some of these crosses, particularly CIX x CV.
  - The relative fi tness of various classes of hybrids is central to the main 
thesis of this project, but assessment of this was unfortunately not within the scope of 
the project. Fitness assays could be used to test the key hypotheses regarding partial RI 
and staggered clines.
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   - In hybrid zones between mII karyomorphs (Chapters 2 & 4), 
individuals with larger rings are expected to be less fi t than those with smaller rings. 
The relative fi tness of males and females is also of interest; backcrosses may be the best 
way to investigate this if infertility is involved, but fi tness assays will be required if 
inviability is involved.
   - In the recombinant hybrid zones discussed in Chapter 4, 
recombinant males are predicted to be fi tter than the pseudo-parental males and hybrid 
females. Laboratory crosses can test these predictions.
  - Although some information was gleaned from the hybridization 
experiments in Chapter 4 regarding mechanisms of reproductive isolation, experiments 
need to be designed specifi cally to address this in future. Specifi cally, the relative 
importances of genetic incompatibilities, malsegregation and recombination pattern 
differences disrupting co-adapted gene complexes need to be investigated.
   - In hybrid zones between mII karyomorphs, malsegregation 
is predicted to be the dominant mechanism by the SMCF hypothesis, but if genetic 
mechanisms prove to be more important in controlled crosses, then this would support 
the observation made by several other researchers that classical chromosomal speciation 
sensu stricto is unlikely in animals.
   - The hypothesis that partial RI between chain carrying 
karyomorphs is caused by genetic incompatibilities needs to be tested.
   - Investigation of hybrid zones between tII and mII karyomorphs 
would be informative, as only one parental form has evolved in response to fusion 
saturation. This would allow assessment of how fusions have impacted the sequence 
evolution of fusion saturated karyomorphs. Similarly, hybrid zones between mII 
and chain carrying karyomorphs are interesting, as both of these populations have 
experienced fusion saturation, but only one has fi xed heterozygosity. This would allow 
investigation of the role of sex linkage and the processes discussed in the Speculation 
section above in the sequence evolution of karyomorphs. Furthermore, hybrid zones 
between tII and chain carrying karyomorphs are also interesting, as only one parental 
form has evolved in response to fusion saturation and fi xed heterozygosity. These 
crosses would allow investigation of the compounded effects of fusion saturation 
and sex linkage, and so provide insights into how the chromosomal evolution and 
diversifi cation of this species has affected its genetic evolution.
   - Investigation of whether any reproductive isolation exists 
between the disjunct Victorian, Queensland and Tasmanian tII populations would also 
be of interest. The tII populations have not evolved in response to fusion saturation or 
fi xed heterozygosity, so are not expected to have accumulated as many isolation loci 
as fusion saturated karyomorphs. Moreover, these populations have probably been 
allopatric for a long time, so if RI loci are present they are not expected to be found 
disproportionately in the region proximal to the centromere.
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   - The hypothesis that meiotic drive was important in the fusion 
saturation of most populations of this species, and other fusion saturated species of 
spiders requires investigation. Spiders in general, and this species in particular, may be 
ideal for testing Pardo-Manuel de Villena and Sapienza’s hypothesis regarding changes 
in direction of meiotic drive (Pardo-Manuel de Villena & Sapienza 2001a, 2001b). 
This could be done by crossing a fusion saturated karyomorph with Tasmanian tII 
individuals, and screening both reciprocal crosses for segregation distortion. This would 
also be informative regarding the inheritance pattern of this unusual trait.
 - Genomic location of isolation loci. If partial genetic RI is present between 
the karyomorphs of this species, then the location of the loci that contribute to this is 
of great interest. If the role of chromosomal rearrangements in the speciation process 
is to change recombination patterns so as to protect isolation loci from introgression, 
then isolation loci should be predominantly linked to chromosomal rearrangements. In 
all fusion saturated karyomorphs of D. cancerides, RI loci are predicted to be mostly 
located proximal to the centromere. In chain carrying karyomorphs, RI loci are also 
predicted to be mostly in the proximal regions of chromosomes that are part of chains. 
These areas are also expected to be distinguished by higher sequence divergence and 
more positively selected alleles (Rieseberg 2001; Navarro & Barton 2003b; McAllister 
et al. 2008). The comparison of the location of incompatibility loci in mII and chain 
carrying karyomorphs would provide a unique opportunity to assess the large X effect 
(Coyne & Orr 1989; Masly & Presgraves 2007).
 - Selective diversifi cation. A potentially important aspect of the diversifi cation 
of this species is the possible link between environmental or host tree adaptation and 
chromosomal confi guration. Several examples exist of adaptive differences being 
associated with chromosomal differences between populations or closely related 
species (Gorlov & Tsurusaki 2000; Moritz et al. 2000; Cook 2001; McAllister et al. 
2008). The continent wide distribution of this spider indicates that it encounters a wide 
range of environmental conditions. Furthermore, tree species from at least three genera 
(Casuarina, Callitris, and Acacia ) (Rowell & Avilés 1995) are commonly used as 
habitat, a range of Eucalypt species provide sub-optimal habitat, and several apparently 
successful colonies have been observed in rock crevices. The distribution of most of 
these habitat tree species is much smaller than that of D. cancerides as a whole, so 
spiders are found in different trees in different areas. For example, the transition from 
CV to the northern double chain patch appears to be associated with a transition from 
predominantly small Acacia trees to large Callitris trees. Therefore, some degree of 
adaptive divergence is likely across the range of this species, and if such differences are 
present between parapatric karyomorphs, then they are highly likely to be linked to the 
X fusion sets.
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 - Investigation of centromeres. The centromeres of this species may hold the key 
to understanding a great deal about this system.
  - The mechanism which caused the fusions may be detectable in 
centromeres of fused chromosomes. These areas should be investigated for rapidly 
evolving satDNA repeats (Wichman et al. 1985; Wichman et al. 1991; Shaffer & Lupski 
2000; Slamovits & Rossi 2002).
  - The age of fusions would be highly informative as this would tell 
us how long sequences in proximal regions of fusions have had to diverge, allowing 
estimation of the speed of sequence divergence and accumulation of RI. Variation in 
the age of fusions would also indicate how long fusion saturation took, which would 
inform speculation regarding the fusion trigger and why they became fi xed. These 
investigations would also allow testing of the hypothesis regarding the timing of fusion 
saturation to coincide with the Quaternary climate cycling.
 - Improved segregation mechanisms. The segregation mechanisms of most 
species are insuffi cient to segregate large chromosome multiples, as evidenced by the 
high rates of malsegregation commonly observed for multiples produced in hybrid 
zones. The observation that fi xed structural heterozygosity is often observed in several 
closely related races or species suggests that those groups either have the capacity to 
evolve improved segregation mechanisms, or have pre-existing mechanisms that are 
superior to most species (Grüetzner et al. 2006). D. cancerides may be ideal for testing 
which of these explanations is more likely. If accurate segregation of large multiples 
is inherent in this species, hybrid zones between mII populations should not have high 
rates of malsegregation
 The present research has yielded evidence for far greater diversity, and a much 
longer history of divergence than was previously imagined possible for this species. 
Furthermore, the data have given hints of the fascinating process of zonal raciation, 
which may be fundamental to the cohesion of this widespread and spectacularly diverse 
and complex species. It is highly likely that further investigation of this extraordinary 
species will reveal many more surprises. In particular, this species may make a highly 
informative model organism for testing hypotheses regarding the role of chromosomal 
evolution in the speciation process (Mallet 2006). I fervently hope that this research is 
continued.
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